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1 . 0  INTRODUCTION 

1-1 ReDOrt Content 

This  volume of t h e  F i n a l  Report of work performed under c o n t r a c t  

NAS 5-3232 descr ibes  t h e  c o l l e c t i o n ,  reduct ion ,  and a n a l y s i s  of r a d a r  and 

beacon data  on t h e  ECHO I1 communications s a t e l l i t e .  It summarizes t h e  

work conducted on t h e  post-launch a n a l y s i s  which s t a r t e d  on 17 January 1964. 
Much of t h i s  m a t e r i a l  has previously been r epor t ed  t o  NASA. 

a r e  l i s t e d  i n  Table 1.1. 

The r e p o r t s  

1 . 2  P r o j e c t  Tasks 

The items of work defined by t h i s  c o n t r a c t  were: 

( a )  Providing observers  a t  t h r e e  r a d a r  t r a c k i n g  s t a t i o n s  and w r i t i n g  

a Quick Look Report  on r ada r  data gathered during t h e  first week t h a t  

ECHO I1 was i n  o r b i t .  

(b)  Providing a s s i s t a n c e  t o  NASA i n  planning and developing com- 

p u t e r  programs t o  process  r ada r  c ross -sec t ion  da ta  c o l l e c t e d  during t h e  

ECHO I1 and l a t e r  ECHO f l i g h t s .  

( c )  Ass i s t ing  NASA i n  comparing da ta  c o l l e c t e d  from t h e  s t a t i c  

i n f l a t i o n  tes ts  a t  Lakehurst  with da t a  c o l l e c t e d  from r a d a r  measurements 

whi le  ECHO i s  i n  o r b i t .  This  study was t o  a t tempt  t o  exp la in  any anomalies 

observed i n  t h e  o r b i t a l  data  when compared with t h e  s t a t i c  da t a  and a l s o  t o  

a t t empt  t o  determine information on t h e  bal loon geometry. 

i n t e r e s t  included:  

Subjec ts  of 

(1) 

( 2 )  

( 3 )  
(4) 

RF s c i n t i l l a t i o n  due t o  ba l loon  s t r u c t u r e ,  

c h a r a c t e r i s t i c s  of bal loon s u r f a c e  and geometry, 

bal loon s p i n  a x i s  o r i e n t a t i o n  and s p i n  r a t e ,  

comparison of r a d a r  r e t u r n s  obtained f r o m  segment 

and ground measurements on t h i s  c o n t r a c t  wi th  

r ada r  da t a  from t h e  o r b i t i n g  ba l loon .  

1 . 3  Summary of Program 

The pre-launch e f f o r t ,  d iscussed i n  Volume I, had provided a gu ide l ine  

t o  t h e  va lues  of r a d a r  c ross  sec t ion  and t h e  n a t u r e  of t h e i r  s c i n t i l l a t i o n s  

- 1- 



( a )  Monthly Progress Reports on ECHO I1 F l i g h t  T e s t  Data Reduction 
and Analysis 

No. 1, 20 January 1964 through 2 1  February 1964, Report 038-1-P. 

No. 2, 22 February 1964 through 22 March 1964, Report 038-2-P. 

No. 3, 22 March 1964 through 30 Apr i l  1964, Report 038-3-P. 
No. 4, 1 May 1964 through 31 May 1964, Report 038-4-P. 

No. 5 ,  1 June 1964 through 31 Ju ly  1964, Report 038-5-P. 

No. 6, 1 August 1964 through 31 August 1964, Report 038-6-P. 
No. 7, 1 September 1964 through 30 September 1964, Report 038-7-Po 

No. 8, 1 October 1964 through 31 October 1964, Report 038-8-P. 

(b) Technica l  Reports 

No. 1, "Quick Look Report on ECHO I1 Data," Report 038-1-T, 
13  Februrary 1964. 

No. 2, "Supplement t o  Quick Look Report on ECHO I1 Data (Report 

0038-1-T), " Report 0038-2-T, 24 February 1964. 
No. 3, ?'Quick Look Report on ECHO I1 Data," Report 0038-3-T, 

4 March 1964, SECRET. 

No. 4, "Data Processing and Analys is  f o r  ECHO I1 Data," Report 

0038-4-T, 18  March 1964. 

No. 5, "Digest of Quick Look Report on ECHO I1 Data," Report 
0038-5-T, 11 May 1964. 

No. 6, "Six Months Summary Report on ECHO I1 Data Reduction and 

Analysis," Report 0038-6-T, 1 0  August 1964. 

No, 8, ECHO I1 Data Reduction and Analysis Computer Write-up, 

Report 0038-8-T, 19 October 1964 

TABLE 1.1 

REPORTS ISSUED ON NAS 5-3232 
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t o  be expected from t h e  f l i g h t  t e s t  ba l loon .  It  was f e l t  i n  p a r t i c u l a r  

t h a t  i f  t h e  f l i g h t  t e s t  bal loon i n f l a t e d  i n  a f a sh ion  s i m i l a r  t o  t h e  t e s t  

ba l loons ,  t h e  mean va lue  of t h e  average c r o s s  s e c t i o n  would be approximately 

30 db > mz and t h a t  t h e  peak-peak s c i n t i l l a t i o n s  would be somewhere between 

4 and 8 db, wi th  t h e  l a r g e r  s c i n t i l l a t i o n s  being observed a t  t h e  h ighe r  

f r equenc ie s .  It  was n o t  expected t h a t  t h e r e  would be any s i g n i f i c a n t  

dependence of t h e  c r o s s  s e c t i o n  upon p o l a r i z a t i o n .  

Any depa r tu re  from t h e s e  c h a r a c t e r i s t i c s  i n  t h e  r a d a r  c ros s  s e c t i o n  

r e t u r n ,  i f  observed c o n s i s t e n t l y  and by more than  one r a d a r  s i t e ,  would be 

taken  a s  evidence t h a t  t h e  shape o f  t h e  f l i g h t  ba l loon  was d i f f e r e n t  from 

t h e  shape of t h e  t e s t  ba l loons ;  by "anomalies" i n  t h e  r a d a r  da t a  it was 

meant depar tures  i n  t h e  r a d a r  data  from what had been expected;  by explana- 

t i o n  of t h e  "anomalies" was meant an explana t ion  c o n s i s t e n t  wi th  what was 

a l r eady  known about  t h e  bal loon and c o n s i s t e n t  wi th  t h e  laws of na ture ,  

which would account f o r  t h e  observed e f f e c t .  

To t h i s  end, data  was examined by v i s u a l l y  s tudying  analog record ings  

and by d i g i t a l l y  processing taped da ta  a s  it became a v a i l a b l e  i n  s u i t a b l e  

format .  The purpose of  t h e  d i g i t a l  a n a l y s i s  was t o  g ive  numerical  va lues  

t o  t h e  mean c ross  s e c t i o n  and l e v e l s  of s c i n t i l l a t i o n  based on agreed 

upon c r i t e r i a  and t o  provide s t a t i s t i c a l  answers t o  ques t ions  about  t h e  

p o l a r i z a t i o n  and frequency dependence of t h e  r a d a r  c r o s s  s e c t i o n  and about  

p e r i o d i c i t i e s  i n  t h e  d a t a .  

After launch, using both t h e  ana log  and d i g i t a l  da ta ,  it was 

observed and eventua l ly  concluded t h a t  wi th  one n o t a b l e  except ion t h e  r a d a r  

c r o s s  sec t ion ,  and i n f e r e n t i a l l y  t h e  shape, o f  t h e  f l i g h t  ba l loon  was s i m i -  

l a r  t o  t h a t  of a t e s t  bal loon which had been i n f l a t e d  t o  a p re s su re  less 

than  t h a t  r equ i r ed  t o  achieve  r i g i d i z a t i o n .  The except ion was a sys t ema t i c  

drop i n  t h e  r a d a r  c ros s  sec t ion  of about  10  db f o r  an i n t e r v a l  which va r i ed  

from 6 t o  13 seconds and which was repea ted  approximately every 100 seconds.  

A l e s s  n o t i c e a b l e  bu t  d e f i n i t e  !'drop out" a l s o  took  p l ace  approximately 

h a l f  way i n  time between t h e  major ones. 

and r epor t ed  he re  was devoted t o  examining va r ious  hypotheses t h a t  o t h e r s  

A l a r g e  p a r t  of t h e  work performed 

-3- 



had pro osed t o  expla in  t h i s  e f f e c t  and t o  provide an explana t ion  which 

met t h e  c r i t e r i a  t h a t  a r e  s t a t e d  above. 

pages t h a t  follow. 
These ana lyses  a r e  r epor t ed  i n  t h e  

1 . 4  Data Sources 

The s a t e l l i t e  was launched 25 January 1964. Various r a d a r s  were 

ass igned  by t h e  DOD and o the r  o rgan iza t ions  t o  f u r n i s h  NASA/GSFC with data  

f o r  a n a l y s i s  and i n t e r p r e t a t i o n .  
from UHF through X-band and te lemet ry  da t a  was c o l l e c t e d  from beacons 

ope ra t ing  a t  f requencies  of 136.170 MC and 136.020 MC. 

The r a d a r  data  was taken  a t  f requencies  

Observers were s t a t i o n e d  a t  t h e  fol lowing s i t e s :  

( a )  
(b) Wallops I s land ,  Vi rg in ia ,  where UHF, S, and X-band r a d a r s  

The L-band r a d a r  a t  Mi l l s tone  H i l l ,  Massachusetts,  

were used, and 

The S-band RAMPART r'adar a t  White Sands Miss i l e  Range. (c )  

Prel iminary data  from t h e  s i t e s  l i s t e d  were furn ished  i n  t h e  form of 

ana log  pen r eco rds ;  a d d i t i o n a l  pen record ings  were rece ived  f o r  s a t e l l i t e  

passes  during t h e  first and succeeding weeks from t h e  C-band r a d a r s  a t  

Kwajalein and Ascension I s l a n d .  

were obtained from t h e  C-band r a d a r s  a t  White Sands M i s s i l e  Range, Kwajalein, 

and Ascension Is land ,  t h e  UHF r a d a r  a t  Tr in idad  and t h e  Mi l l s tone  and 

Wallops I s land  s i t e s .  

record ings  taken a t  t h e  Royal Radar Establ ishment  (RRE) a t  Malvern, England, 

were made a v a i l a b l e .  

t e c h n i c a l  r e p o r t s  l i s t e d  i n  Table 1.1. In add i t ion ,  a series of da ta  pro- 

cess ing  and s t a t i s t i c a l  programs have been prepared f o r  t h e  computers a t  

GSFC. 

s t o r e d  on magnetic t a p e .  

Pulse-by-pulse r a d a r  da t a  on magnetic t a p e s  

Beacon analog records  and r a d a r  c ros s  s e c t i o n  pen 

The s e v e r a l  analog r eco rds  formed t h e  b a s i s  f o r  t h e  

These programs have been used f o r  an  a n a l y s i s  of t h e  r a d a r  da t a  

The data  c o l l e c t i o n  e f f o r t  was very i n t e n s i v e  during i n i t i a l  pressu-  
r i z a t i o n ,  t h e  f i rs t  continuous s u n l i t  per iod  of e leven days, and t h e  i n i t i a l  

e c l i p s e  per iod.  

weeks could be examined c a r e f u l l y .  
Thus t h e  ba l loon ' s  behavior  dur ing  t h e  first c r i t i c a l  two 

Thereaf te r ,  most r a d a r  es tab l i shments  

- 4- 
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c o l l e c t e d  ECHO I1 data  on a non- in te r fe rence  b a s i s  u n t i l  observa t ions  were 

aga.in increased  during t h e  onset of t h e  second s u n l i t  per iod .  

on magnetic t a p e  were t h e  primary da ta  source  f o r  ba l loon  a n a l y s i s .  

t h e l e s s ,  it proved poss ib l e  t o  determine a good deal of  information from t h e  

ana log  record ings  wi th  considerable  confidence i n  t h e  r e s u l t s .  

The record ings  

Never- 

5 



2 0 DATA ANALYSIS AND INTERPRETATION 

2.1 Objectives of t h e  Computer Data Analysis  E f f o r t  

The Quick Look Report (Technical Report  No. 3) was based on analog 

records .  Two unexpected e f f e c t s  were observed: 

(a )  A pronounced drop i n  average r e t u r n  of approximately 10 db was 

noted on some of  t h e  analog pen r eco rds .  

appears  i n t e r m i t t e n t l y  wi th  t h e  drops i n  r e t u r n  enduring f o r  a s  much a s  
s e v e r a l  seconds. 

i s  a mul t ip le  of approximately 30 seconds.  

This  e f f e c t ,  c a l l e d  a "drop out", 

When t h i s  e f f e c t  i s  p resen t  it appears  wi th  a per iod  which 

(b) The r e t u r n  i n  gene ra l  has a spikey appearance dipping about  

20 db f o r  very b r i e f  per iods .  

I n  connection with t h e  sfdrop out", it was observed t h a t  f o r  some of 

t h e  data  the  50-second i n t e r v a l s  preceding and fol lowing each drop appeared 

t o  have s i g n i f i c a n t l y  d i f f e r e n t  f i n e  s t ruc ture .  

The conclusions o f  t h e  Quick Look Report were t e n t a t i v e .  Fur ther  

i nves t iga t ion  was r equ i r ed  t o  p u t  them on a f i r m  b a s i s  and t o  ana lyze  

phenomena which might be p re sen t  i n  t h e  da t a  whose s i g n i f i c a n c e  could only 

be discovered through formal s t a t i s t i c a l  a n a l y s i s .  

which warranted d i g i t a l  explora t ion  were: 

Some of t h e  s u b j e c t s  

(a )  Whether t h e  ampli tude and frequency of  t h e  r a d a r  c r o s s  s e c t i o n  

s c i n t i l l a t i o n s  a r e  dependent on t h e  r a d a r  frequency. 

(b) Whether t h e  r ada r  c ros s  s e c t i o n  i s  dependent on t h e  r a d a r  

po la r i za t ion  

( c )  Whether t h e  mean r a d a r  c ros s  s e c t i o n  i s  r a d a r  frequency 

dependent 

- ( d )  Whether any of t h e  r a d a r  c r o s s  s e c t i o n  s i g n a t u r e s  vary with t h e  

l eng th  of time s i n c e  launch. 

(e) Whether r e g u l a r  p e r i o d i c  phenomena e x i s t  i n  t h e  d a t a ;  if so, 

whether these phenomena a r e  frequency dependent. 

6 



( f )  Whether t h e  r ada r  cross  s e c t i o n  has,  f o r  a given pass ,  a log- 

normal p r o b a b i l i t y  d i s t r i b u t i o n .  

A series of  computer programs, which w i l l  be  descr ibed  i n  t h e  next  

s e c t i o n ,  was designed t o  permi t  examination of  items ( a )  through ( f ) .  

( f )  was undertaken when prelimfnary d i g i t a l  da ta  process ing  suggested t h e  

hypothesis  t h a t  t h e  r a d a r  c r o s s  sec t ion  da ta  might well be log-normally 

d i s t r i b u t e d .  

by assuming t h a t  t h e  r a d i i  of curva ture  of t h e  ba l loon  a r e  normally d i s t r i -  

buted, which i n  t u r n  would i n d f c a t e  a random, r a t h e r  than  a sys temat ic  
pe r tu rba t ion  of t h e  ba l loon  from.ispherici ty  . 
GSFC, and w e  a r e  a v a i l a b l e  f o r  any f u t u r e  a n a l y s i s  by NASA. 

Item 

If t h i s  hypothesis  were c o r r e c t ,  it could be accounted f o r  

These programs a r e  now a t  

2.2 Computer Programs 

I n  order  t o  i n v e s t i g a t e  the  ques t ions  ou t l ined  i n  Sec t ion  2.1, a 

s e r i e s  of computer programs f o r  t h e  NASA/GSFC 7094 computer was w r i t t e n .  

These programs were desi gned t o  h ve  a maximum of g e n e r a l i t y  and were. 
carefd&ly,7 documented. 

f u t u r e  i n v e s t i g a t i o n s .  
i n t e r e s t e d  use r s  through t h e  NASA/GSFC Computation Center .  

a r e  summarized below: 

They provide a t o o l  which can be employed for s i m i l a r  

Complete program l i s t i n g s  a r e  a v a i l a b l e  t o  p o s s i b l e  

The programs 

( a )  A program t o  convert  a l l  t a p e s  rece ived  from t h e  var ious  i n s t a l -  

l a t i o n s  i n t o  r a d a r  c r o s s  s e c t i o n  versus time. This  program e x t r a c t s  from 

t h e  da ta  t a p e s  t h e  rece ived  power c a l i b r a t i o n  and t h e  range, and conver t s  
t h i s  information t o  r a d a r  cross s e c t i o n  information by using t h e  r a d a r  

range equat ion and t h e  parameters of t h e  s p e c i f i c  r a d a r  involved .  

p u t s  t h e  output  i n t o  a uniform format s u i t a b l e  f o r  f u r t h e r  process ing .  To 

provide f o r  automatic  operat ion,  tests f o r  missing da ta ,  c r i t e r i a  f o r  r e j e c -  

t i o n  of  spur ious  va lues  and t h e  c a p a b i l i t y  of accept ing  a l a r g e  number of 

d i f f e r e n t  i npu t  fiormats a r e  a l l  taken i n t o  account .  

It then  

Figure  2-1 i l l u s t r a t e s  

a r a d a r  c r o s s  s e c t i o n  vs .  ti-me p r i n t o u t  f o r  t h e  Mi l l s tone  H i l l  t a p e  of 

28 January.  

(b)  A computer program c a l l e d  STAT 1 which computes a mean and a 

s tandard  dev ia t ion  f o r  t h e  r ada r  c r o s s  s e c t i o n s ;  a his togram of t h e  r a d a r  

c ros s  s e c t i o n s  ; auto-cor re la t ions  of t h e  r a d a r  c r o s s  s e c t i o n s  ; and a frequency 
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1 

a n a l y s i s  of t h e  au to -co r re l a t ions .  The inpu t  t o  STAT 1 is t h e  output  of 

t h e  program descr ibed above. Def in i t ions  o f  each of t h e s e  terms w i l l  be 
found i n  t h e  Glossary.  The s tandard dev ia t ion  of t h e  observa t ions  pro- 

v ides  a measure of t h e  magnitude of t h e  ampli tude s c i n t i l l a t i o n s .  

mean i s  a measure of t h e  s i z e  o f  the ba l loon;  i t s  usefu lness  i s  l i m i t e d  by 

e r r o r s  i n  t h e  r a d a r ' s  abso lu t e  c a l i b r a t i o n .  The his togram p r i n t o u t  shows 

how symmetric t h e  da ta  i s  and, t o  a l e s s e r  ex ten t ,  whether it i s  log- 

normally d i s t r i b u t e d .  

spectrum a n a l y s i s  d e t e c t  per iods  i n  t h e  d a t a .  This  program opera tes  on 

t h e  da ta  expressed i n  square meters o r  i n  db > m . Figures  2-2 and Xi3 
i l l u s t r a t e  t h e  au to -co r re l a t ion  and power spectrum a n a l y s i s  f o r  t h e  M i l l -  

s t o n e  H i l l  t a p e  of 28 January.  

t h e  C-band da ta  from Ascension/Kwajelein on 26 February 1964. 

The 

The au to -co r re l a t ions  and t h e i r  frequency o r  power 

2 

Figure 2-4 i l l u s t r a t e s  a his togram f o r  

( c )  A program c a l l e d  STAT 2 t o  perform a chi-squared Goodness-of- 

This  provides  a F i t  Test on t h e  pulse-by-pulse radar  c r o s s  s e c t i o n  d a t a .  

good t e s t  of t h e  hypothesis  t h a t  the  da t a  i s  normally d i s t r i b u t e d .  
squared t e s t  i s  a s tandard  s t a t i s t i c a l  t o o l  f o r  t e s t i n g  one d i s t r i b u t i o n  

a g a i n s t  another .  In  t h i s  case  t h e  mean and s tandard  dev ia t ion  of t h e  data  
t o  be  t e s t e d  a r e  determined; t hen  the  da ta  a r e  subdivided i n t o  one hundred 

i n t e r v a l s  each of which has equal  p robab i l i t y ,  i . e . ,  each of which would 

conta in  t h e  same number of p o i n t s  in  a Gaussian d i s t r i b u t i o n  having t h e  

c a l c u l a t e d  mean and s tandard  dev ia t ion .  

i n  each such i n t e r v a l  i s  then  compared wi th  t h e  number which would occur i n  

t h e  Gaussian d i s t r i b u t i o n .  The output of t h e  program c o n s i s t s  of a p r i n t -  

ou t  of  t h e  above information and a graph showing t h e  percentage depar ture  

from t h e  Gaussian d i s t r i b u t i o n  i n t e r v a l  by i n t e r v a l .  

28 January Mi l l s tone  H i l l  t a p e  i s  i l l u s t r a t e d  i n  F igure  2-5 and t h e  graph i n  
F igure  2-6. 

The ch i -  

The number of  da ta  p o i n t s  f a l l i n g  

A p r i n t o u t  f o r  t h e  

(d)  A program t o  f i t  an expression o f  t h e  form, 

Is = A?? f B f Ch, 
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where h i s  r ada r  wavelength and u i s  r a d a r  c ros s  sec t ion ,  t o  t h e  da ta  i n  t h e  

format of t h a t  rece ived  from the t h r e e  Wallops I s l and  r a d a r s .  

determines t h e  cons t an t s  A, B, and C .  B, t h e  wavelength independent term, 

ccrresponds t o  t h e  o p t i c s  r e tu rn  from a sphe re ,  while  A and C r e s p e c t i v e l y  

provide a measure of t h e  r e l a t i v e  s i g n i f i c a n c e  of r e t u r n  i n v e r s e l y  propor- 

t i o n a l  t o  t h e  wavelength and d i r e c t l y  p ropor t iona l  t o  t h e  wavelength. The 

r e l a t i v e  magnitude o f  A, B, and C provides  a measure o f  t h e  wavelength 
dependenceo 

B. 
t h e  wavelength and inve r se ly  propor t iona l  t o  t h e  wavelength may be found i n  

Reference 2.  

This  program 

I t  was expected t h a t  A and C would be q u i t e  smal l  r e l a t i v e  t o  

Theore t i ca l  explanat ion of t he  r o l e  played by r e t u r n s  p ropor t iona l  t o  

(e )  A program t o  s tudy p o l a r i z a t i o n  e f f e c t s  by computing t h e  r a t i o  

(uH - u V ) / ( u H  + a,), where crH and u 
c ros s  s e c t i o n s  r e spec t ive ly ,  was planned. The AMR and RAMPART r a d a r  da ta  

were expected t o  provide s u i t a b l e  i n p u t  f o r  t h i s  program. 

n o t  coded f o r  reasons explained i n  Sect ion 2.4. 

a r e  t h e  recorded h o r i z o n t a l  and v e r t i c a l  V 

The program was 

2.3 Sources of Expected Data 

It was a n t i c i p a t e d  d i g i t a l i z e d  r a d a r  da ta  would be rece ived  from t h e  

fol lowing sources :  

( a )  Mi l l s tone  H i l l ,  Massachusetts,  an L-band (1295 m.c.) r a d a r  

which t r ansmi t s  a r i g h t  c i r c u l a r  p a t t e r n  and records  a l e f t  c i r c u l a r  

p a t t e r n  

(b)  Wallops I s l and ,  Virginia ,  a complex of t h r e e  r a d a r s ;  UHF, S-band 

and X-band. 

t r ansmi t  and record  v e r t i c a l  p o l a r i z a t i o n .  

m i t s  v e r t i c a l  and records  v e r t i c a l  and h o r i z o n t a l  p o l a r i z a t i o n s .  

The S-band (2801 m.c.) r a d a r  and t h e  X-band (9370 m.c.) r a d a r  

The UHF (420 m.c.) r a d a r  t r ans -  

( c )  Rampart, WSMR (White Sands Miss i l e  Range), an S-band (3000 m.c.) 

r a d a r  which t r ansmi t s  a c i r c u l a r  p a t t e r n  and records  both v e r t i c a l  and 

h o r  i z onta 1 po la r  i z a  t i ons 

( d )  AMR (At l an t i c  Missi le  Range), Trinidad,  a UHF (423 m.c.) r a d a r  

which t r ansmi t s  a l i n e a r  po la r i za t ion  and r eco rds  t h a t  p o l a r i z a t i o n  and t h e  

or thogonal  one a 

15 



( e )  TTR's  (Target  Tracking Radars) a t  Ascension I s l and ,  Kwa j e l e i n ,  
and a t  WSMR. 

Labora tor ies  f o r  t h e  Nike-Zeus system. 

i n  unc la s s i f i ed  l i t e r a t u r e .  

These C-band r a d a r s  were developed by t h e  Bel l  Telephone 
No f u r t h e r  s p e c i f i c a t i o n s  were found 

2 . 4  Avai lable  Data 

Not a l l  t h e  expected da ta  was provided t o  NASA/GSFC i n  expected form. 

Some of t h e  d i f f i c u l t i e s  were: 

( a )  Mi l l s tone  H i l l  made a v a i l a b l e  s i g n i f i c a n t  amounts of da t a  on 

9 passes .  

t a p e s  were not i n  t h e i r  s tandard  format .  

t o o  l a t e  f o r  programming modi f ica t ions  t o  be made. 

n o t  processed because of an  excess ive  number of p a r i t y  e r r o r s .  

remaining passes (Nos. 6, 11, 31, and 229) had mean c r o s s  s e c t i o n s  4 t o  
10 db below t h e  va lues  es t imated by Lincoln Labora tor ies  f o r  t h e  same pass  

(see Reference 3).  
u t i l i t y .  

with t h e  Lincoln Laboratory e s t ima tes .  

Two passes  (Nos. 136 and 137) were n o t  processed because t h e  

This  format problem was discovered 

One pass  (No. 321) was 

Four of t h e  

This  incons is tency  caused t h e  da ta  t o  be of marginal  

The remaining two passes  (Nos. 3 and 1 2 )  a r e  i n  good agreement 

(b)  Wallops I s l a n d  covered a t  l e a s t  a dozen passes  and provided, i n  

Nei ther  t a p e  could be used 

The FPS-6 channel  on t h e  t a p e  

s u i t a b l e  format, t a p e s  f o r  two o f  t h e s e  pas ses .  
because o f  the  excess ive  n o i s e  on t h e  t apes .  

2 made 28 January had l / 3  of t h e  r e t u r n s  g r e a t e r  than  50 db > m . 
t a p e s  were provided f o r  two ECHO I and two ECHO I1 passes .  

on 1-inch, 14-channel b inary  t a p e s  and could no t  be processed.  

Addi t iona l  

The record ing  was 

(c )  RAMPART covered approximately f i v e  pas ses .  However, t h e  Hollaman 

AFB computation f a c i l i t y  d id  n o t  conver t  t h e  da ta  t o  an  IBM compatible format 
wi th in  t h e  time c o n s t r a i n t s  of t h e  program. 

(d)  AMR-Trinidad provided t a p e s  f o r  23 passes .  Only e i g h t  of t h e  
passes  were i n  t h e  agreed format and a r r i v e d  t o o  l a t e  t o  determine new 

formats and reprogram. 

sugges ts  t h a t  only one of t h e s e  t a p e s  i s  v a l i d .  
Evidence, which i s  d iscussed  i n  t h e  next  s ec t ion ,  
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m ( e )  TTR t a p e s  f o r  s ix teen  passes  from B e l l  Telephone Labora tor ies  

f a c i i l i t i e s  were provided. Each of t h e s e  t a p e s  i s  good. 

Since t h e  Wallops I s l and  and RAMPART t a p e s  could n o t  be used, it was 

impossible  t o  make a computer ana lys i s  of t h e  p o l a r i z a t i o n  dependency of 

t h e  b a l l o a n ' s  r a d a r  c ros s  sec t ion .  The l a c k  of Wallops t a p e s  a l s o  reduced 

g r e a t l y  t h e  s c p h i s t i c a t i o n  of the r a d a r  frequency dependency ana lys i s ,  s i n c e  
simultaneous c r o s s  s e c t i o n  measurements a t  more than  one r a d a r  frequency 

were n o t  obtained.  

2 * 5  Summary of Output 

Each t ape  which could be read  was pu t  through t h e  STAT 1 program. 

Table  2 . 1  summa.rizes t h e  means and s tandard  dev ia t ions  of t h e  pulse-by- 

pu l se  h i s t o r i e s .  

t hose  runs  which a r e  regarded as v a l i d .  

The median cross  s e c t i o n  rpeasurement i s  a l s o  included f o r  

(The median i s  presented  because 
it does n o t  depend upon whether t h e  da ta  i s  i n  t h e  u n i t s  of db > m L  o r  i n  

m 

it i s  an average of logar i thms;  when t h e  da t a  i n  m2 i s  used, t hen  an  a r i t h -  

met ic  mean i s  computed,. No median i s  given f o r  t h e  AMR t a p e  of 4 March, 

s i n c e  it conta ins  only j 0  seconds of da ta  wi th in  a 600-second run .  Each 

of t h e  o the r  i n v a l i d  runs  summarized i n  Table 2 .1  has an implaus ib le  

mean, an implaus ib le  s tandard  deviat ion,  or ,  i n  t h e  case  of Mi l l s tone  H i l l  

da ta ,  d i sag rees  wi th  Reference 3 .  A p o s s i b l e  e r r o r  source  i s  i n  r a d a r  

c a l i b r a t i o n  e The BTL cross-sect ion da ta  i n d i c a t e s  s t r o n g l y  t h a t  t h e  

2 The mean obtained when working i n  db > m 2  i s  a geometric mean because 

n 

s tandard  dev ia t ion  should be about 5 t o  6 db/m' a t  C-band during v a l i d  runs .  

The t r ansmi t t ed  power may h v e  been changed dur ing  ques t ionab le  r u n s ;  such 
a power change would cause t h e  po in t s  t o  c l u s t e r  about  two or  more means 

and, consequently,  g ive  a l a r g e  s tandard  dev ia t ion .  Other runs  show mean 

r a d a r  c ros s  s e c t i o n s  approximately 10 db d i f f e r e n t  from what was expected; 

perhaps an i n c o r r e c t  c a l i b r a t i o n  cons t an t  was provided f o r  data  r educ t ion .  

Another poss ib l e  e r r o r  source i s  t h a t  ehe da t a  was taken while  t h e  r a d a r  

was n o t  i n  an automatic  t r a c k  mode; such c r o s s  s e c t i o n  da ta  i s  inhe ren t ly  

noisy and should n o t  be used i n  c ros s  s e c t i o n  ana lyses  inasmuch a s  t h e  

opera tor  i s  t r y i n g  manually t o  acqui re  t h e  t a r g e t .  
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Date 
D a y -  Month Source 

25 
25 
25 
26 
27 
27 
27 
27 
28 

31 
11 

1 2  

1 2  

13  
15 
16 
16 
1.9 
26 
27 
4 

5 
6 

14  

14 

17 
17 
27 
31 
27 
29 

Jan a BTL 

MIT 

MIT 

MIT 

BT L 

BT L 

BTL 

MIT 

MIT 

BT L 

Fkb I) MIT 

AMR 

AMR 

BT L 

BTL 

AMR 
AMR 

BT L 

BTL 

BT L 

Mar AMR 

AMR 
AMR 
BTL 

BT L 

BT L 

BTL 

AMR 

AMR 

Apr i l  BTL 

BT L 

Average 
Cross Sec t ion  

2 i n  db/m 

26.4 
31.7 
29 .o 
22 .1  

29.6 
29.9 
28.8 

22.5 

27.0 
17 09 
25.6 

27.0 
27.6 
37.4 
32.0 

26.3 

29.1 
30 a 2 

39.1 

27.0 
27.0 
25.2 

24.1 

26.4 

28.6 

42.4 

28 .O 

28.3 
34.3 
25.9 
29.9 

Median 
Cross Sec t ion  

iri db/m 

27.5 
32.7 

2 

28.5 

30 3 
30.6 
30.2 

-- 

27.5 
28 .O 

-- 

27.1 
29.4 
29.8 
-- 

-- 

27.7 
27.6 
26 .O 

28.7 

-- 

26.6 
30.6 

Standard 
Deviat ion 
i n  db]m2- 

6.25 
4.80 

6.36 
4.91 

5.83 
5-82 
7.08 
4.26 
4.19 
5.41 

5.55 
13.2 
13.2 
5.38 
5.35 
8 .21  

11.9 

5-97 
5045 
5* 37 
6.24 
5.67 
5.49 
5*55 
5-71 
5.49 
5.69 

13 .1  
13.8 
5.83 
5.42 

TABLE 2 . 1  Means and Standard Deviat ions of Computer Processed Data 
BTL - Bell Telephone Lab., C-band t r a c k i n g  r a d a r s  a t  Ascension, 
Kwajelein and WSMR. 
ANR - A t l a n t i c  Miss i l e  Range UHF r a d a r .  

MIT - Mil ls tone  Hill L-band r a d a r .  
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The hypothesis  t h a t  t h e  pulse-by-pulse r a d a r  c r o s s  s e c t i o n  da ta  i s  

log-normally d i s t r i b u t e d  was r e j e c t e d  f o r  every t a p e  processed wi th  STAT 2. 

A comparison of t h e  means and medians g ives  i n s i g h t  i n t o  why t h e  hypothesis  

was xe jec t ed .  

If t h e  da t a  were log-normal, then t h e  sample mean and sample median should 

be very nea r ly  co inc ident ,  c f .  p.  369, Reference 4, and t h e  median should 

be l e s s  than  t h e  mean about  50 percent  of t h e  time. 

t a t i o n  i s  t h a t  t h e  "drop out" tends t o  d i s t o r t  t h e  d i s t r i b u t i o n  by making 

some low va lues  lower than  would be expected i f  t h e  da t a  were log-normal. 

Unsuccessful e f f o r t s  were made t o  i s o l a t e  t h e  "drop out" po r t ion  of t h e  

da ta ,  s o  t h a t  t h e  r e s t  could be t e s t e d  f o r  a log-normal d i s t r i b u t i o n .  

method could be found f o r  s a t i s f a c t o r i l y  d iv id ing  t h e  da t a  without  prejudg- 

i n g  t h e  log-normal hypothes is .  

t h e  mean, t h e  computed mean d i f f e r s  by 4 db from t h e  va lue  i n  Reference 3; 
t h e  histogram f o r  t h i s  run suggests  t h a t  an uncompensated power change 

occurred during t h e  run .  

For 18 of t h e  19 runs,  t h e  median i s  l a r g e r  than  t h e  mean. 

The obvious i n t e r p r e -  

No 

For t h e  one run  wi th  t h e  median l e s s  t han  

The STAT 1 programs have been used t o  process  t h e  Mi l l s tone  H i l l  t a p e  

f o r  January 28. 

r e p e t i t i v e  data  c h a r a c t e r i s t i c s )  i n  t h i s  t a p e  were approximately 17 seconds.and 

50 seconds.  

mu l t ip l e s  of approximately 50 seconds ; t h e  17-second per iod:  was unexpected. 

The most prominent per iod  (time i n t e r v a l s  which conta in  

The 50-second period was expected s i n c e  drop-outs occurred i n  

No explana t ion  has been found f o r  t h e  17-second per iod .  

These programs have a l s o  been used t o  process  a BTL t a p e  recorded on 

This  t a p e  i s  considerably s h o r t e r  t han  t h e  Mi l l s tone  H i l l  tape-- March 17.  
345 seconds vs .  a46 seconds.  The 50-second per iod  was ev ident ,  b u t  n o t  a s  

dominant a s  v i s u a l  i n t e r p r e t a t i o n  of pen record ings  would have suggested.  

Twelve- and 8-second per iods  a r e  a l s o  n o t i c e a b l e  i n  t h i s  t a p e .  

o f  t h e  o the r  t apes  y i e lded  a d d i t i o n a l  suppor t  f o r  t h e  e x i s t e n c e  of t h e  

50-second per iod toge the r  with other  per iods ,  which change from t a p e  t o  t a p e .  

Processing 
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2 . 6  I n t e r p r e t a t i o n  o f  Output 

2 . 6 . 1  General Comments 

Due t o  t h e  very l i m i t e d  q u a n t i t i e s  of good d a t a  and t h e  f a c t  t h a t  

almost without exception good d a t a  came from t h e  C-band r a d a r s ,  d e f i n i t i v e  

answers t o  some o f  t h e  ques t ions  r a i s e d  i n  Sec t ion  2 . 1  are n o t  p c s s i b l e .  

The first three ques t ions ,  ( a ) ,  (b) ,  and (c) ,  f o r  d e t a i l e d  d i g i t a l  a n a l y s i s  

r e q u i r e  da ta  over a reasonably w i d e  bandwidth o r  f o r  a range o f  p o l a r i z a t i o n s .  

This d a t a  was n o t  rece ived  a s  explained above. 
A s  t o  whether o r  n o t  t h e  r a d a r  c r o s s  s e c t i o n  v a r i e s  i n  a sys t ema t i c  

way a s  a func t ion  o f  t i m e  from launch, F igure  2-7 d i s p l a y s  those  c r o s s  

s e c t i o n  r e s u l t s  mer i t i ng  high confidence p l o t t e d  as a func t ion  o f  days a f t e r  

launch e 

Analogue data obtained a t  UHF from a DOD Radar, on t h e  o t h e r  hand, 

i n d i c a t e s  a q u a l i t a t i v e  change i n  t h e  appearance o f  t h e  d a t a  as t h e  time from 

launch va r i e s .  

obtained a f t e r  March 4, 1964 is no t i ceab ly  "rougher" than  d a t a  obtained b e f o r e  

February 15, 1964. The "rougher" data is t y p i c a l  of an i n t e r f e r e n c e  p a t t e r n ,  

as  though an a d d i t i o n a l  s c a t t e r i n g  c e n t e r  had appeared, a c t i n g  i n  and o u t  o f  

phase wi th lhe  main r e t u r n .  

Although it is d i f f i c u l t  t o  p i n p o i n t  a t r a n s i t i o n ,  t h e  data 

Standard d e v i a t i o n  has  been chosen as a s t a t i s t i c a l  measure o f  t h e  
magnitude o f  s c i n t i l l a t i o n .  

def ined  and g ives  a good measure o f  t h e  excurs ion  of  t h e  d a t a  from t h e  mean 

va lue  independently o f  d a t a  be ing  normally d i s t r i b u t e d .  
measure of t h e  s c i n t i l l a t i o n  is t h e  peak-to-peak d i f f e r e n c e  o f t h e  c r o s s  

s e c t i o n .  Charac t e r i za t ion  of t h e  data  on t h i s  b a s i s  s u f f e r s  from t h e  
d i f f i c u l t y  i n  obta in ing  o b j e c t i v e  c r i te r ia  f o r  a s s ign ing  numerical  va lues .  

t h e  16 C-band d i t i g a l  t a p e s  processed is  5.7 db. 

t a p e s  accepted a s  r e l i a b l e  gave s tandard  d e v i a t i o n s  o f  4.80, 6.0 and 4.2 db. 
The f a c t  t h a t  two of t h e s e  t h r e e  va lues  are sma l l e r  t h a n  any C-band s t anda rd  

d i v a t i o n  recorded might b e  taken  a s  evidence Supporting expec ta t ion  o f  g r e a t e r  

s c i n t i l l a t i o n  a t  C-band than  a t  t h e  lower frequency. 

It is t o  be noted t h a t  t h i s  number is  w e l l  

Another p o s s i b l e  

A S  may be  seen  from Table 2.1, t h e  average  s tandard  d e v i a t i o n  f o r  
The t h r e e  L-band d i g i t a l  

This observa t ion  should 

1 
b e  regarded a s  h igh ly  t e n t a t i v e  b u t  is r e l e v a n t  because more s c i n t i l l a t i o n  a r i s i n g  

from i r r e g u l a r i t i e s  i n t h e  su r face  of t h e  ba l loon  a t  s h o r t e r  wavelengths had 

been p red ic t ed .  (See Volume I . )  
20 
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A s  f a r  as peak-to-peak measurements a r e  concerned, f u r t h e r  suppor t  f o r  
t h e  expected g r e a t e r  s c i n t i l l a t i o n  a t  h igher  f r equenc ie s  was provided by 

examination of d i g i t a l i z e d  da ta  produced manually from Wallops I s l a n d  UHF, 

S- and X-band AGC records .  

da t a  i n d i c a t i n g  g r e a t e r  t o t a l  excurs ions  as frequency increased .  

A s l i g h t  b u t  d e f i n i t e  t r e n d  was found i n  t h i s  

Concerning p e r i o d i c i t i e s  i n  t h e  data,  t h e  o r i g i n a l  expec ta t ion  based upon 

v i s u a l  examination of t h e  r c t u r n s  was t h a t  t h e  programs which perform auto- 
c o r r e l a t i o n  and frequency a n a l y s i s  would e x h i b i t  s t r o n g  p e r i o d i c i t i e s .  

p r t e d  i n  Section 2*5 which summarized t h e  output,  t h i s  d id  n o t  prove t o  be t h e  
A s  re- 

case 
Subsequent s c r u t i n y  of t h e  c r o s s  s e c t i o n  pen record ings  f o r  t h e s e  runs  

I 
I 
I 
I 
I 
I 
I 
I 
1 

1 
I 

has shown t h a t  t h e  spacing between "drop outs"  i s  not  as  r e g u l a r  as  i n i t i a l  v i s u a l  

inspect ion had suggested.  For example, t h e r e  are s e c t i o n s  of each pass which 

show only s l i g h t  s i g n s  of "drop-outs". 
o f  t r u e  p e r i o d i c i t y  i n  t h e  r ada r  c r o s s  s e c t i o n  da ta  is  t h a t  t h e  magnitude of  

change i n  o r i e n t a t i o n  of t h e  bal loon s p i n  a x i s  wi th  r e s p e c t  t o  t h e  r a d a r  i s  suf -  
f i c i e n t  t o  keep t h e  r a d a r  from i l l umina t ing  t h e  same por t ion  of t h e  ba l loon  on 

success ive  spins .  

during a pass w i l l  be, f o r  example, more nea r ly  a s p i r a l  than  a c i r c l e .  
po in t  is i l lus t ra ted  by t h e  fol lowing a n a l y s i s .  

2.6,2 

A reasonable  explana t ion  f o r  t h i s  l a c k  

This  means t h a t  t h e  locus  of p o i n t s  i l l umina ted  on t h e  bal loon 

This  

Migration of  t h e  Specular  Po in t  

D u r i n g  a p a r t i c u l a r  pass t h e  specu la r  p o i n t  on t h e  ba l loon  does n o t  

r e t r a c e  i t s  path on success ive  r o t a t i o n s  of t h e  ba l loon .  The d i s t a n c e  between 
the  specular  p o i n t s  a t  times which a r e  one per iod  o f t h e  bal loon r o a t i o n  a p a r t  

i s  ca l cu la t ed  below. 

( i n  t ime)  r e p e t i t i o n  of RCS c h a r a c t e r i s t i c s  a r e  n o t  t o  be expected. 
From t h e s e  c a l c u l a t i o n s  it can be seen t h a t  pe r iod ic  

The s i t u a t i o n  analyzed i s  a pass  of  ECHO I1 over t h e  Mi l l s tone  t r a c k i n g  1 
s t a t i o n  on 28 January 1964. 
t h e  horizon being 12.63O. 
e l e v a t i o n  r e s u l t s  i n  a minimal migrat ion of tk specu la r  p o i n t  during one ro- 
t a t i o n  of the bal loon.  I n  o t h e r  words t h e  migrat ion d i s t a n c e s  c a l c u l a t e d  f o r  
t h e  lowest  a v a i l a b l e  pass  would be t h e  b e s t  p o s s i b l e  case. 

'This was a "low" pass ,  t h e  maximum e l e v a t i o n  above 

I A low pass  was chosen because t h e  low maximum 
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The fo l lowing  d a t a  was necessary f o r  t h e  c a l c u l a t i o n  o f  t h e  v e c o t r  

L a t i t u d e  of Mi l l s tone  Tracking S t a t i o n  - 42.617' N 

Longitude of Mi l l s tone  Tracking S t a t i o n  - 71.492O W 

Approximate Or i en ta t ion  o f  Spin Axis of  Balloon: 

Right  Ascension - 137'22' 
Decl ina t ion  - 54°531 
The components of ?(t) were computed from t h e  formulas 

e ( t ) ' t o  determine t h e  naviga t ion  of t h e  specu la r  po in t .  

r = cos e cosa 

r = -cos e s ina  

X 

Y 

r = s i n  e 
Z 

where a ( t )  and e ( t )  are  t h e  azimuth and e l eva t ion  of t h e  bal loon a t  t h e  t imes  

mentioned above. 

t r a c k i n g  data .  

The va lues  of  a and e a r e  obtained d i r e c t l y  from t h e  Mi l l s tone  

The computations a r e  summarized i n  Table 2-3. 

TABLE 2-3 
Summary of  Ca lcu la t ions  

Time (hrs/min/sec) 16-16-43 16-18-19 16-19-55 16-21-31 16-23-08 

Spin-Axis Components s -.59072 -a59348 -e59617 -.59885 -.60163 

S -.40553 -a40424 -.bo303 -.40181 -.Mob8 
X 

Y 
S - 69755 Z 

Azimuth and Eleva t ion  a 127.81' 
Line of S ight :  e -96' 
Line of S igh t  Vector: rx 

Y 

- .. 6129 4 

Components : r --78994 
r t.016754 

0 46-04' 

Z 
A A  cose = r e s  -69411 

69 437 
109 0 77O 

8.43' 
- 33460 

- *93090 
. lG60 
.67645 
47.43O 

,69277 A9113 
97.42' 83.01' 

11.23' 12-61' 

- 12667 ,11876 
-e97264 -96863 
9 19 473 .218 3 1  

60 159 .46864 
53.02' 62.05' 



2.6.3 Balloon Rad i i  of Curvature 

We now t u r n  t o  t h e  ques t ion  whether t h e  r a d a r  c r o s s  s e c t i o n  of t h e  bal loon 

i s  i n  fac t  log-normally d i s t r i b u t e d  and what conclus ions  may be  drawn from a 
s tudy  of t h e  c ros s  s e c t i o n  d i s t r i b u t i o n s .  

examination of t h e  AGC r eco rds  and t h e  pre l iminary  d i g i t a l  d a t a  process ing  re- 
s u l t s  suggested t h a t  t h e  r a d a r  da t a  was log-normally d i s t r i h u t e d ;  t h a t  is, 
d i s t r i b u t i o n s  of t h e  r a d a r  c ros s  s e c t i o n  i n  db > m were normal (Gaussian). 

A measure of the v a l i d i t y  of t h i s  hypothes is  is  provided by p l o t t i n g  t h e  cumulativc 

d i s t r i b u t i o n o f  t h e  d a t a  on p r o b a b i l i t y  paper.  A normal d i s t r i b u t i o n  g ives  

a l i n e a r  p l o t  on p r o b a b i l i t y  paper. 

v e r s e  of t h e  s tandard  dev ia t ion  of  t h e  d i s t r i b u t i o n .  The h o r i z o n t a l  scale 
on such a p l o t  is t h e  r a d a r  c ros s  s e c t i o n  i n  db, t h e  v e r t i c a l  scale is t h e  per- 

centage of  t h e  d a t a  p o i n t s  having c r o s s  s e c t i o n  less  than  o r  equa l  t o  t h e  cor- 

responding absc i s sa .  
d i s t r i b u t i o n s .  

A s  has been i n d i c a t e d  above, a v i s u a l  

2 

The s l o p e  of t h i s  s t r a i g h t  l i n e  is  t h e  in -  

This  provides  a convenient  method of comparing two o r  more 

It was reasoned t h a t  i f ,  i n  f a c t ,  t h e  c ros s  s e c t i o n  d a t a  were normally 

d i s t r i u b t e d ,  t h e  v a l i d i t y  of using t h e  s imple formula, 0 = np p , t o  p r e d i c t  

t h e  c r o s s  s e c t i o n  could be t e s t e d  by examining t h e  d i s t r i b u t i o n s  of t h e  logs  

of t h e  r a d i i  of curva ture  ( i n  or thogonal  d i r e c t i o n s - - l a t i t u d i n a l  and l o n g i t u d i n a l )  

H V  

and p Furthermore, it is p o s s i b l e  by t h i s  technique  t o  compare t h e  d i s -  PH V’ 
t r i b u t i o n s  of t h e  r a d a r  c ros s  s e c t i o n  r e s u l t i n g  from t h e  s t a t i c  i n f l a t i o n  

t es t s  (discussed i n  Volume I )  wi th  t h e  d i s t r i b u t i o n s  of t h e  f l i g h t  t e s t  da t a .  

Thus, cumulative d i s t r i b u t i o n s  of a l l  t h r e e  of t h e s e  sets of d a t a  were constructct l  

and examined. 

A s  has  been r epor t ed  above i n  t h e  summary of f l i g h t  t e s t  da t a  (Sec t ion  2.>), 

i n  no case  was t h e  f l i g h t  t e s t  

r igo rous  s t a c i s t i c a l  t e s t s  programmed f o r  t h e  NASA/GS€C computer. This  may 

reasonably be a t t r i b u t e d  t o  t h e  presence of t h e  “drop-outs”, and f o r  comparative 

purposes t h e  approximately l i n e a r  p o r t i o n s  of t h e  f l i g h t  t e s t  da t a  which occur 

between t h e  5th and 98th  p e r c e n t i l e s  have been used. 

g raph ica l ly  the  cumulative d i s t r i b u t i o n s  generated f o r  comparative purposes and 

d iscuss  t h e  comparisons which have been made. Br ie f ly ,  t h e  conclusions a r r i v e d  
a t  are  as follows: 

d a t a  normally d i s t r i b u t e d  on t h e  b a s i s  of  t h e  

In what fo l lows  we p resen t  
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(a) The o p t i c s  formula u = xpHpv cannot  adequate ly  desc r ibe  t h e  

cross s e c t i o n  of ECHO I1 consis tency wi th  pre-launch. 

based on a comparison of t h e  d i s t r i b u t i o n s  is  t h a t  it is necessary t o  assume 

m o r e t h a n  one specu la r  p o i n t  con t r ibu t ing  wi th  random phase t o  t h e  r e t u r n  from 

t h e  bal loon.  

A f e a s i b l e  explana t ion  

(b) The cumulative d i s t r i b u t i o n s  a r i s i n g  from t h e  s ta t ic  i n f l a t i o n  

tests agree well  wi th  t h e  f l i g h t  t e s t  d a t a  d i s t r i b u t i o n s  only f o r  t h e  case i n  

which t h e  s ta t ic  t e s t  d i s t r i b u t i o n s  a re  taken  from d a t a  a t  low p r e s s u r e  l e v e l s .  

range of c r o s s  s e c t i o n  va lues  than  does t h e  s t a t i c  C-band data .  
expected behavior.  

an  anomaly i n  showing a smaller s tandard  dev ia t ion  from i t s  mean than  t h e  C-band 

f l i g h t  t e s t  da ta .  [We cannot explain t h i s  anomoly]. 

(c) I n  a l l  cases examined t h e  s t a t i c  L-band d a t a  varies over a narrower 

This  i s  
On t h e  o ther  hand, t h e  L-band f l i g h t  t e s t  d a t a  e x h i b i t s  

A s  is wel l  known, f o r  a s u f f i c i e n t l y  smooth body which is l a r g e  wi th  

r e s p e c t  t o  t h e  wavelength, t h e  r ada r  c r o s s  s e c t i o n  can  be p red ic t ed  from t h e  

op t i c s  formula u= xR R where R1 and R2  are  t h e  p r i n c i p a l  r a d i i  of curva ture .  

The ECHO 11 bal loon  however should be regarded as a body which p r e s e n t s  t o  t h e  

radar a s t a t i s t i ca l  d i s t r i b u t i o n  of r a d i i  of cu rva tu re  i n  both t h e  l o n g i t u d i n a l  

and t h e  l a t i t u d i n a l  d i r e c t i o n s .  

t h e  c r o s s  s e c t i o n  r e t u r n  from t h e  balloon, t hen  t h e  d i s t r i b u t i o n  of t h e  sum of 

t h e  logar i thms of  t h e s e  r a d i i  might be expected t o  p r e d i c t  t h e  d i s t r i b u t i o n c o f  

t h e  s t a t i c  i n f l a t i o n  t e s t  c ros s  s e c t i o n  data .  To t h i s  end d i s t r i b u t i o n s  of t h e  

logar i thm of pHpV were determined from t h e  photogrammetric da t a  obta ined  dur ing  

t h e  s t a t i c  i n f l a t i o n  t e s t s  (Volume I). 

Figure  2-9 shows t h e s e  d i s t r i b u t i o n s  f o r  t h r e e  ba l loon  p res su res .  

1 2  

If simple o p t i c a l  s c a t t e r i n g  s u f f i c e d  t o  exp la in  

The nominal va lue  of t h e  r a d i u s  of curva ture  is  i n d i c a t e d  i n  F igure  2-9 and 

as should be expected, occurs  very near  t h e  median--i.e., about  h a l f  t h e  r a d i i  

o f  cu rva tu re  are smaller than  t h e  design r a d i u s  and about  h a l f  are l a r g e r .  

27 



r 

3800 psi 

33 40 

7200 

I I I I I I I I 
45 50 55 60 63 70 '75 KO 

F i g u r e  2-9 Product Of Radii Of Curvature (In db relative t o  L inch') 

-28- 

1 
I 
1 
I 



I 
I 
1 
m 
1 
1 
I 
I 
1 
1 
B 
4 
I 
I 
I 
1 
1 
1 
I 

Next cons ider  t h e  cumulative d i s t r i b u t i o n s  of t h e  s t a t i c  t e s t  data .  

Th i s  d a t a  was t h e  r e s u l t  o f  a s e r i e s  of experiments performed on t h e  ground 

a t  va r ious  i n f l a t i o n  l e v e l s .  The experiments are descr ibed  and t h e  da t a  i s  
d iscussed  i n  Volume I of t h i s  r epor t .  

cumulative d i s t r i b u t i o n s  of  t h i s  data. 
t r i b u t i o n  f o r  C-band da ta  and one f o r  L-band da ta .  Three success ive  

f i g u r e s  show t h e  effect  of increas ing  p res su re ;  t h e  f o u r t h  gives a d i s t r i b u t i o n  

f o r  d a t a  taken a t  360 p s i  a f t e r  r e l a x a t i o n  from 4800 p s i .  

pa r ing  shapes of t h e  d i s t r i b u t i o n s  is of  i n t e r e s t  here,  t h e  C-band data have been 

a d j u s t e d  by t h e  a d d i t i o n  of  a cons tan t  3-5 db t o  match t h e  L-band d i s t r i b u t i o n s .  

F igures  2-10 through 2-13 p r e s e n t  
Each f i g u r e  g ives  a cumulative d i s -  

Since only com- 

Comparing of t h e s e  f i g w e s  with t h e  r a d i i  of cu rva tu re  d i s t r i b u t i o n s  
show t h a t  it is n o t  poss ib l e  t o  p r e d i c t  t h e  c r o s s  s e c t i o n  of t h e  ba l loon  by 

t h e  s imple o p t i c s  formula cr = n[pHpV. 

can provide  an explana t ion  f o r  t h e  f a c t  t h a t  t h e  range  of  t h e  c ros s  s e c t i o n  

va lue  is much lower than  would be predic ted  from t h e  r a d i u s  of  curva ture  da t a  

and t h i s  s imple o p t i c s  formula. 

r a d i i  of cu rva tu re  r e p r e s e n t  bumps on t h e  ba l loon  su r face .  

bumps w i l l  n o t  c o n t r i b u t e  t c  t h e  L-band s c a t t e r i n g  i f  t h e i r  s i z e  i s  small com- 

pared t o  a wavelength. 

s p e c u l a r  p o i n t  e x i s t s  on more than  one bump. 

e x i s t ,  t hen  t h e  low end of  t h e  C-band da ta  i s  explained.  

phase r e l a t i o n s h i p  between t h e  s c a t t e r e d  f i e l d s  of t h e  specu la r  po in ts ,  f o u r  

specu la r  p o i n t s  would y i e l d  a c ros s  s e c t i o n  which is  on t h e  average f o u r  times 
g r e a t e r  than  t h a t  due t o  one specular  po in t ,  and an i n c r e a s e  of 6 db i n  t h e  lower 

va lues  of c ros s  s e c t i o n  would r e s u l t .  On t h e  o t h e r  hand , the  high values  of t h e  

product  of t h e  r a d i i  of cu rva tu re  correspond t o  r r f l a f ' s p o t s  on t h e  ba l loon  sur -  

face .  But t h e  formula 0 

s i n c e  t h i s  formula is  only accu ra t e  i f  t h e  "flat" s p o t  i s  as  l a r g e  as t h e  

f i r s t  F r e s n e l  zone on a spheroid with t h e  same r a d i i  ( r e f e r  t o  prev ious  r e p o r t ) .  

A crude estimate of t h e  diameter of such a F r e s n e l  zone i s  200 inches a t  L-band 

and 60 inches  a t  C-band, But t h e  r a d i i  of curva ture  da t a  shows t h a t  t h e  f l a t  
s p o t s  on t h e  ba l loon  a r e  a lmost  never wide than  1 2  inches .  

There a re  two p o s s i b l e  mechanisms which 

F i r s t ,  t h e  lower va lues  of t h e  product  of t h e  
The smaller of  t h e s e  

Fur ther ,  a t  both L-band and C-band it is probable  t h a t  a 
I n  f a c t ,  i f  f o u r  specu la r  p o i n t s  

Assuming a random 

?cphpv cannot be used t o  c a l c u l a t e  t h e  c ros s  s e c t i o n  

This  argument pre- 
d ic t s  c o r r e c t l y  t h a t  t h e  actual  r ada r  c r o s s  s e c t i o n  never  approaches n f o r  

t h e  larger  va lues  of Ph and pv. 
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For every case t h e  extreme values of  C-band d a t a  a r e  f u r t h e r  a p a r t  than  

a re  those  of  t h e  L-band data .  This  fac t  i s  c o n s i s t e n t  w i th  i n t u i t i o n  - a t  C-band 

pe r tu rba t ions  of t h e  bal loon s u r f a c e  m e  more impor tan t  t han  a t  t h e  longer  wave- 

l eng th  of L-bmd. It is  t o  be r,cted t h a t  t h e  cumulative d i s t r i b u t i o n s  a t  C-band 

a r e  non-l inear ;  never the less ,  approximately l i n e a r  p o r t i o n s  of t h e  graphs exis t  

been determined f o r  t h e s e  reg ions ,  They are 2.9 db f o r  2400 p s i  {Figure 2-10), 

2 .2  db f o r  5200 p s i  (Figuri! 2-11), 1.4 db f o r  7120 p s i  (Figure 2-12) and 3.3 db 
f o r  $0 p s i  af te r  r e l a x a t i o n  (Figure 2-13). 

f o r  two passes  from t h e  Mi l l s tone  Hill r a d a r  s i t e  (L-band) and a t y p i c a l  

Kwajelein C-band pass.  Agairi, f o r  pwposes  of comparison, t h e  curves have been 

p l o t t e d  s o  as t o  match one another  a t  h igh  c r o s s  s e c t i o n  values .  

has two f e a t u r e s  which should be noted: first, t h e  f ac t  t h a t  t h e  spread  of t h e  

1,-band da ta  i s  i n  one case  g-reater  thar! t h a t  of t h e  C-band data .  This  f ac t  is  

between about  the twen t i e th  ar.d e i g h t i e t h  p e r c e n t i l e s  and average s lopes  have 

For  t h e  o r b i t a l  ba l loon  F i g i c e  g ives  cumulative d i s t r i b u t i o n s  of d a t a  

This  d a t a  

iqcons i s t en t  w i t h t h e  r e s u l t s  f o r  t h e  s t a t i c  da ta ,  b u t  i s  c o n s i s t e n t  w i th  t h e  

"roughness" i n  t h e  I J W  da ta  tht has prev ious ly  been r e f e r r e d  to .  

e x c e l l e n t  agreement of t k s c  d i s t r i b u t i o n s  n e a r  t h e  median sugges ts  t h a t  ( s ince  
the L-band data  WZS shiftec? 

Second, t h e  

7s.ral db) a c a l i b r a t i o n  e r r o r  was p r e s e n t  i n  t h e  

&ta.  
would be requi red  t o  p u t  t h e s e  d i f f e r e n c e s  on a f i r m  f o o t i n g  was {as p rev ious ly  

r epor t ed )  To t  a v a i l z b l e  ,, 

Data simultaneous i n  both t i n e  and l o c a t i o n  a t  d i f f e r e n t  f requencies  which 

MatchirLg of the s lope  of t h e  f l i g h t  t e s t  data d i s t r i b u t i o n s  of F igure  2-14 

with t h e  previcri-isly p r e s w t e d  s t a t i c  i r ! f la t ion  t e s t  d i s t r i b u t i o n s  shows t h a t  t h e  
o r b i t i l l  ba1loo:i has ra4z.r cross s e c t i o n  c h a r a c t e r i s t i c s  which a r e  c o n s i s t e n t  

wi th  grourid t c s t c d  bsllooz-!s t h a t  havs been i n f l a t e d  only t o  low p res su re  l e v e l s ,  

: r id  i n c o n s F s t e n t  wit:)! grour,d t e s t e d  ba l loon  t h a t  have been s t r e s s e d  t o  and above 

1500 p s i .  

2.'7 Comparison of ECHO I a:id ECHO 11 
Computer c k t ?  tapes of m a r  s imultaneous record ings  of ECHO I and ECHO I1 

wcre n o t  a v a i h b l e  f o r  pcrformiiig a c o q m r a t i v e  a n a l y s i s  of t h e  radar r e t u r n s  

fron both  bal loms 

Du.ri2g the t ime t h a t  t h i s  r e p o r t  was be ing  prepared, arialoglue da ta  comparing 

t h e  two setel l i tes  was obtained. This  data i s  now discussed  b r i e f l y :  
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. .  . . .  
S-Band: Three AGC r eco rds  of t h e  Spandar r a d a r  were obtained f o r  ECHO I - 
during t h e  per iod 18 November - 20 November, and t h r e e  r eco rds  f o r  ECHO I1 
during t h e  period 17 November - 1 9  November. 

s o l u t e l y  c a l i b r a t e d .  However, t h e  ECHO I d a t a  e x h i b i t s  deeper,  and more 

prolonged nulls than  does t h e  ECHO I1 da ta .  

C-Band: 
and f o r  ECHO I1 on 1 4  November, Absence o f  abso lu t e  c a l i b r a t i o n  precluded 

comparison of  average c r o s s  s e c t i o n  value.  

AGC c a l i b r a t i o n  for ECHO I a s  compared t o  t h a t  of ECHO 11. When t h i s  com- 
p res s ion  is taken i n t o  account, no apparent  d i s t i n c t i v e  exis ts  between t h e  

two sets of data .  

These AGC r eco rds  are no t  ab- 

AGC recordings from t h e  FPQ-6 were obtained for ECHO I on 20 November, 

There is a compression of t h e  

36 

I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
i 
I 
I 
1 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

3.0 BALLOON GEOMETRY 

3.1 Anomalies i n  t h e  Data 
The p o s s i b l e  e f f e c t  of ECHO I1 bal loon deformations from a nominal 

s p h e r i c a l  shape on the  r a d a r  r e t u r n s  r ece ived  from t h e  bal loon was i n v e s t i -  

gated. 
s e c t i o n  r e t u r n  which endures f o r  s e v e r a l  seconds. 

beacon and r a d a r  da t a  obtained by RRE, t h i s  e f f e c t  appears  t o  be well  c o r r e l a t e d  

wi th  t h e  p e r i o d i c  n a t u r e  of t h e  beacon data .  

i n  F igure  3-1 and sugges ts  an i n t e r e s t i n g  hypothesis  which w i l l  be t h e  s u b j e c t  

of d i scuss ion  i n  Sec t ion  3.3 of t h i s  r e p o r t .  
drop-out e f f e c t  seems t o  be t o  a t t r i b u t e  it t o  one o r  more deformed a r e a s  on 

t h e  surface of t h e  ba l loon  which e f f e c t  t h e  r a d a r  r e t u r n  once each r o t a t i o n .  

NASA reques ted  Conductron t o  inves t iga t e ,  s p e c i f i c a l l y ,  whether wr inkles  p a r a l l e l  

t o  t h e  gore  seams, l a r g e  holes ,  o r  var ious o the r  h y p o t h e t i c a l  deformation would 

a ccount f o r  t h e  "drop out1'. 

There is presen t  i n  some of t h e  da t a  a pe r iod ic  drop inn  t h e  c ros s  

Upon examination of simultaneous 

This  simultaneous da t a  i s  shown 

The b e s t  explana t ion  o f  t h e  

3.2 Wedges 

By observing t h e  Malvern radar  and beacon data,  it i s  noted t h a t  on 
t h e  gores  of t h e  bal loon corresponding t o  t h e  l o c a t i o n  of t h e  "drop-out" are  

mounted s o l a r  pane ls  and te lemet ry  beacons. 

bis equipment exerts an  outward d i r ec t ed  force .  

of t h i s  f o r c e  on t h e  balloon, t h e  shape nea r  t h e s e  gores  appears  as i n  

F igure  3-2. 

Because of t h e  ba l loon  is  r o t a t i n g ,  

Suppose t h a t ,  as a r e s u l t  

I W  

C BALLOON GEOMETRY 
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SIMULTANEOUS RADAR AND BEACON DATA, 28 JANUARY 1964, RRE 
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I n  F igure  3-2 t h e  do t t ed  l i n e  i n d i c a t e s  t h e  sphere contour, C i n d i c a t e s  
t h e  c e n t e r  of t h e  balloon, and W r ep resen t s  t h e  seam j o i n i n g  thw two r e in fo rced  

gores  on which are mounted t h e  equipment. 

ang le s  wi th in  t h e  angular  domain ind ica t ed  by a would be t h a t  of a c y l i n d r i c a l  

wedge, and considerably lower than  that  of t h e  nominal bal loon c ross  sec t ion .  

The backsca t t e r ing  c ros s  s e c t i o n  of the wedge is  approximately 

The r e s u l t i n g  c ros s  sec t ion ,  f o r  a spec t  

R h 2  c = t a n  p!2 

a Also, t h e  d i s t ance  WC = R cos- where 
For  a 1 0  db drop-out a t  t h e  Mil ls tone frequency, a = lo.$', as compared t o  t h e  

a c t u a l  drop-out i n t e r v a l  of 18'. For t h i s  va lue  of a, WC = 67.8 ft., re- 

q u i r i n g  t h e  r a d i u s  t o  have been llpulled-outll only .3 feet .  
Conversely, f o r  a = 1 8  , t h e  wedge c ross  s e c t i o n  w i l l  be  approximately 

58m2, giv ing  a drop out  of 13 db. For  t h i s  va lue  of a, WC = 68.2 ft., re -  
q u i r i n g  t h e  r a d i u s  t o  have been "pulled-out" .7 feet .  

i s  c o n s i s t e n t  wi th  t h e  da t a  observed. 

i s  t h e  wavelength and B i s  the  wedge angle.  
0 2- 

0 

Thus t h i s  hypothesis  

3.3 

drop 

t u re  

The Wrinkle Hypothesis 

If it i s  assumed t h a t  t h e  wrinkles  a r e  p a r a l l e l  t o  t h e  gore seams, then a 

i n  s i g n a l  f r o m t h e  beacon region could be accounted f o r  by a change i n  curva- 

of  t h e  sur face  i n  t h i s  region.  Since t h e  wrinkles  a r e  assumed t o  be p a r a l l e l  

to t h e  gore seams, t h e  r a d i u s  of curva ture  i n  t h e  d i r e c t i o n  of t h e  gore s e a m  can 
be assumed t o  be t h a t  of t h e  balloon, namely 67.5 f e e t .  Assuming t h i s  r ad ius  

of curva ture  i n  one d i r ec t ion ,  i n  order t o  obta in  a s i g n a l  drop of 1 0  db, t h e  

o t h e r  r a d i u s  of curva ture  would have t o  be about  6.75 f e e t .  
f ee t  r ad iuswou ldbe  a mean value s ince  t h e  r e t u r n  s i g n a l  v a r i e s  approximately - + 6 db. 

Therefore ,  t h e  equiva len t  r a d i u s  of curva ture  i n  t h e  depressed region could vary 

between 1.8 f e e t  and 27 f e e t  and be made up of many wrinkles  t h a t  can p resen t  a 
s i g n a t u r e  with an  equiva len t  r a d i u s  range. 

Actual ly  t h i s  6.73 
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304 The Hole Hypothesis 
The r ada r  c ros s  s e c t i o n  of t h e  ho le  i n  a sphe re  when t h e  wavelength i s  

small wi th  r e spec t  t o  a l l  diameters  can be  computed by eva lua t ing  t h e  ho le  

r i m  con t r ibu t ions  by a modi f ica t ion  of t h e  Sommerfeld semi - in f in i t e  p lane  

s o l u t i o n  and then eva lua t ing  t h e  geometric o p t i c s  c o n t r i b u t i o n  of t h e  tinner 

s u r f a c e  of t h e  sphere. 

For  a large hole, a t  backsca t te r ing ,  t h e s e  two terms are of t h e  same order  of 
magnitude and by proper  arrangement of phase can combine t o  g ive  a deep n u l l .  

For t h e  ECHO I1 bal loon,  which i s  n o t  q u i t e  a p e r f e c t  sphere,  t h e  above remarks 

can se rve  as a rough model. However, it r e q u i r e s  a very f o r t u i t o u s  arrangement 
of geometric parane ters  and f requencies  t o  provide  a backsca t t e r ing  n u l l  

throughout  t h e  bal loon h i s to ry ,  s i n c e  t h e  dropouts  of vary ing  width have been 

observed from a l l  r a d a r  s i t e s .  

unacceptable.  

The cross sec t ion  of a ho le  has a lobe  s t r u c t u r e  of an  equ iva lek t  r a d i a t i n g  

aper ture ,  t h e  major l obe  having t h e  beam width 

a.nd d t h e  ape r tu re  diameter.  

sml l  diameter  t o  a c c o m t  f o r  t h e  angu la r  width of t h e  drop-out (time 
i n t e r v a l s  of g r e a t e r  than  6 seconds, and i n  t h i s  case t h e  ho le  would make an 

extremely small con t r ibu t ion  t o  t h e  c r o s s  s e c t i o n .  

appears  t o  be ru led  out .  

p o s s i b l e  e f f e c t  o f  ho les  was i n v e s t i g a t e d  and i s  r epor t ed  i n  Appendix B. 

This  a n a l y s i s  i s  p r e s e n t e d - i n  Appendices B and C. 

On t h i s  b a s i s  alone, t h e  ho le  t h e o r y  appears 
Even more conclusive i s  t h e  angu la r  spread  of t h e  drop-out. 

>I./d, where h i s  t h e  wavelength 
A t  r a d a r  f r equenc ie s  it would r e q u i r e  an extremely 

On t h i s  basis, t h e  ho le  theory  
A t  t h e  r eques t  of NASA, f u r t h e r  i n v e s t i g a t i o n  of t h e  
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4.0 SPECIAL STUDIES 

4 . 1  Scope of Study 
Two a d d i t i o n a l  hypotheses have been examined i n  some d e t a i l  a t  t h e  r eques t  

of NASA t o  exp la in  t h e  drop out  i n  t h e  c r o s s  s e c t i o n  da ta  discussed i n  Sec t ion  3.0 
and have been r e j e c t e d .  

These a r e :  

( a )  The presence of an ionized cloud about  t h e  bal loon due t o  escaping 

gas .  

( b )  Mul t ipa th  e f f e c t s ,  i .e. ,  c a n c e l l a t i o n  and reinforcement  of t h e  r e tu rned  

s i g n a l  by r e f l e c t e d  s i g n a l s  from the e a r t h .  

A d i scuss ion  of t h e  two r e j ec t ed  hypotheses i s  given below followed by 

a d i scuss ion  of t h e  ?'Echo Boxf' e f f e c t  repor ted  by some r a d a r  s i t e s .  

The flwedge17 hypothesis ,  advanced above, i s  t h e  s imples t  and most convincing 

of t h e  explana t ions  f o r  the drop-outs. 

with t h e  da ta  ( s e e  F igure  4-1). 

t h a t  t h e  apparent  mean r a d a r  cross  s e c t i o n  of 23-24 db i s  s u b j e c t  t o  c a l i b r a t i o n  
u n c e r t a i n t i e s  of perhaps a s  much a s  6 db. 

4.2 Plasma E f f e c t s  

The numbers der ived above were cons t an t  

I t  should be observed i n  examining Figure 4-1 

Since t h e  subl imat ing  ma te r i a l  used t o  i n f l a t e  t h e  ECHO ba l loon  t o  i t s  

proper  shape i s  vented t o  t h e  e x t e r i o r  through a system of smal l  ho le s  i n  t h e  

per iphery  of t h e  bal loon,  t h e  i o n i z a t i o n  of  t h i s  m a t e r i a l  by t h e  s o l a r  r a d i a t i o n  

f l u x  could conceivably form plasma d e n s i t i e s  of s u f f i c i e n t  magnitude t o  cause 

r a d a r  p e r t u r b a t i o n s ,  

has  been s tud ied  and r e j e c t e d  as being improbable f o r  t h e  reasons given below. 

Based on information suppl ied  by NASA/GSFC t h i s  p o s s i b i l i t y  

For a 200-micron i n t e r n a l  bal loon p res su re  NASA/GSFC es t ima tes  t h e  e l e c t r o n  
10 3 d e n s i t y  a long  a sphere of one cm around t h e  ho le  t o  be 10 electrons/cm , and 

t h i s  would decrease  t o  10 7 electrons/cm3 a s  t h e  r a d i u s  of t h e  sphere becomes 

equal  t o  t h e  ba l loon  r a d i u s .  

precluded by t h e  f a c t  t h a t  any f r ee  charge formed near t h e  s a t e l l i t e  must c u t  

l i n e s  of fo rce  of t h e  e a r t h ' s  magnetic f i e l d .  

countered, t h e  gy ra t ion  r ad ius  of a f r e e  e l e c t r o n  i n  t h e  geomagnetic f i e l d  i s  

smal l  compared t o  t h e  o r b i t a l  rad ius  of t h e  ba l loon  so  t h a t  i n s t e a d  of being 

The build-up of i o n i z a t i o n  around t h e  ba l loon  i s  

A t  t h e  o r b i t a l  v e l o c i t i e s  en- 
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c a r r i e d  a long  i n  o r b i t ,  f ree  charge w i l l  d i f f u s e  a long  t h e  magnetic f i e l d  l i n e s .  
Consequently, i o n i z a t i o n  w i l l  tend t o  be swept away from t h e  ba l loon  as it i s  

formed by t h e  combined fo rces  of the  magnetic f i e l d  and t h e  ambipolar d i f f u s i o n  

of  t h e  ion ized  gas. This  process  could be i n h i b i t e d  by a build-up of p o s s i t i v e  
p o t e n t i a l  on t h e  ba l loon;  however, i n  t h e  absence of experimental  in format ion  it 

is  f e l t  t h a t  t h i s  process  w i l l  be un l ike ly  t o  occur t o  t h e  e x t e n t  necessary  

t o  account  f o r  obse rva t iona l  e f f e c t s  

Since t h e  beacon frequencies of 136 mc a re  a t  t h e  lower end of t h e  

frequency range of i n t e r e s t ,  any plasm e f f e c t s  which occur would p o t e n t i a l l y  

have t h e i r  g r e a t e s t  c a p a b i l i t y  foia a t t enua t io r ,  on t h e  observed beacon p a t t e r n .  

However, due t o  t h e  r e l a t i v e  loca t ion  of thr: v e n t  ho le s  and t h e  beacon antennas,  

c a l c u l a t i o n s  i n d i c a t e  t h a t  plasma e f f e c t s  w i l l  be n e g l i g i b l e .  

t h e  beacon s i g n a l s  were n o t  a f f ec t ed  i s  co r robora t ive  of t h e  absence of plasma. 

4.3 Mult ipath Effects 

The f a c t  t h a t  

The energy r ece ived  by a radar  from an o b j e c t  can a r r i v e  by more than  

one path,  t h e  d i r e c t  pa th  from the  o b j e c t  and t h e  r e f l e c t e d  pa th  from t h e  o b j e c t  

t o  ground t o  r ada r .  

p a t h  l e n g t h  f o r  t h e  r e f l e c t e d  wave i s  small, then  t h e  combination of t h e  two 

s i g n a l s  will be observed as one s i g n a l  and t h e  observed s i g n a l  may n o t  r e p r e s e n t  

t h e  r a d a r  r e t u r n  from t h e  ob jec t ,  

If t h e  range g a t e  of t h e  r a d a r  i s  l a r g e  and i f  t h e  i n c r e a s e  i n  

If we assume t h a t  t h e  e a r t h  is  a f la t ,  i n f i n i t e ,  p e r f e c t l y  r e f l e c t i n g  su r face ,  

t hen  t h e  r e f l e c t e d  s i g n a l  seen a t  t h e  antenna would have t h e  same magnitude as 
t h e  d i r e c t  s i g n a l ,  df t h i s  r e f l e c t e d  s i g n a l  were observed i n t h e  s i d e  lobe  of 

t h e  antenna p a t t e r n ,  then  t h e  s i g n a l  would be reduced by an  amount equal  t o  t h e  

s i d e  lobe  r educ t ion .  

was 15 db o r  more below t h e  main lobe and wi th  t h e  narrow beamwidth antennas 

used t h e  r e f l e c t e d  wave would have t o  come through t h e  s i d e  lobe  i n s t e a d  of t h e  

main lobe.  

For  t h e  antennas used during t h e s e  tes ts ,  t h e  s i d e  lobe  

Th i s  15 db r educ t ion  f o r  the  mul t ipa th  s i g n a l  i s  an upper bound and t h e  

s i g n a l  s t r e n g t h  w i l l  be s t i l l  f u r t h e r  reduced i f  t h e  e a r t h  i s  assumed t o  be non- 

p e r f e c t l y  r e f l e c t i n g ,  For  t h e s e  reasons it i s  n o t  thought  t h a t  t h e  i n t e r f e r e n c e  

pattern seen  i n  t h e  ana log  records  is  due t o  mul t ipa th  effects, i e e e ,  t h e  

m u l t i p a t h  s i g n a l  is  n o t  s t r o n g  enough compared wi th  t h e  d i r e c t  s i g n a l  t o  cause a 
p a r t i a l  c a n c e l l z t i o n  i f  they  i n t e r a c t  ou t  of phase,  
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Mult ipathing would be most l i k e l y  t o  occur when a r a d a r  i s  p o i n t i n g  a t  a low 

e l eva t ion  angle ;  however, the ,  t h e  "drop-out" e f fec t  has  been observed f o r  h igh  

e l eva t ion  t r ack ing  and a t  a l l  r a d a r  s i tes  of ECHO 11. 

4.4 "ECHO Box" E f f e c t  

It has been r epor t ed  by RRE a t  Malvern t h a t  t h e  S-band r a d a r  d a t a  obtained 

e x h i b i t s  t h e  following anomaly: Subsequent t o  t h e  r e f l e c t i o n  of t h e  main pulse ,  

which is  of l o p s  dura t ion ,  t h e r e  i s  observed an exponen t i a l ly  decaying t r a i n  

of pulses .  The explanat ion t h a t  has  been suppl ied  wi th  t h e  d a t a  f o r  t h i s  phenomenon 

i s  t h a t  a n  oblong ho le  fl.5 meters x 0.5 meters) i n  t h e  ba l loon  has  been e x c i t e d  
by t h e  i n c i d e n t  f i e l d ,  which i n  t u r n  has exc i t ed  a mode i n  t h e  balloon, which i n  

t u r n  is  r e f l e c t e d ,  r e -exc i t e s  t h e  hole,  etc., analogous t o  t h e  familiar "ECHO box". 

On t h e  bas i s  o f  t h e  r epor t ed  d a t a  t h e  explana t ion  t h a t  has been o f fe red  

does n o t  appear  t o  Conductron t o  be c o r r e c t .  

t h e  main p u l s e  and t h e  "ECHO" i s  r epor t ed  t o  be of t h e  o rde r  of lops. 

i n t o  accdunt the  p u l s e  width, t h e  ba l loon  would then  be  a c t i n g  as a 2 0 ~ s  delay  

l i n e .  
corresponding t o  a f ree  space  time of  0 . 2 7 ~ ~ .  

The i n t e r v a l  between t h e  end o f  

Taking 

The clear two-way pa th  of any mode e x c i t e d  i n  t h e  ba l loon  i s  270 feet, 
The mode v e l o c i t y  is  t h e r e f o r e  

or  1/90 of f r e e  space ve loc i ty .  Geometric o p t i c a l  approximation shows .27/20 
of f ree  space v e l o c i t y .  There- e t h a t  t h e  p r i n c i p a l  mode has  a v e l o c i t y  of  

f o r e  t h e  "ECHO box" e f f e c t  would have t o  be r e l a t e d  t o  a very high order  mode, 
i.e., t o  a very l a r g e  number of i n t e r n a l  r e f l e c t i o n s .  

depend upon n o t  only t h i s  h igh  order  mode being exc i t ed ,bu t  no lower modes 

be ing  exc i ted .  This  
would be equiva len t  t o  some h igh  frequency o s c i l l a t i o n  mode of an  c a v i t y  being 

exc i ted ,  bu t  none of t h e  lower frequency modes. 

bu t  t h e s e  have been a t t r i b u t e d  by t h e  observers  t o  multi-path phenomena a s s o c i a t e d  

wi th  low e leva t ion  angles  or  no explana t ion  has  been p ro f fe red .  

Furthermore, it would 

This  is s o  un l ike ly  it can be considered impossible .  

Somewhat similar t r a i l i n g  e f f e c t s  have been r epor t ed  by o the r  observers  
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5.0 BALLOON ORIENTATION AND SPIN 

5.1 Spin Axis and Beacon Or ien ta t ion  

A mathematical  procedure was developed involv ing  both machine and 

hand c a l c u l a t i o n s  t o  o b t a i n  t h e  beacon parameters and sp in  a x i s  o r i e n t a t i o n  

of t h e  ECHO I1 bal loon .  

case  i n  which two d i s t i n c t  riaxima of i n t e n s i t y  a r e  rece ived  from each of t h e  

two beacons during each r o t a t i o n  period about  t h e  bal loon s p i n  a x i s .  

i n p u t  da ta  f o r  t h e  procedure cons i s t s  of t h e  angular  s epa ra t ion  o f  t h e s e  

peaks f o r  each beacon on each of t w o  s e p a r a t e  passes ;  t h e  l o c a t i o n  of t h e  

ba l loon  r e l a t i v e  t o  t h e  r ece iv ing  s t a t i o n  f o r  each observa t ion ;  and t h e  

o r i e n t a t i o n  i n  space of t h e  z e n i t h  a t  t h e  r ece iv ing  s t a t i o n  f o r  each obser- 

v a t i o n .  

cone of maximum s i g n a l  i n t e n s i t y  f r o m  a beacon an tenna;  t h e  l a t i t u d e  of t h e  

beacon antennas r e l a t i v e  t o  t h e  bal loon s p i n  a x i s ;  and t h e  o r i e n t a t i o n  o f  t h e  

s p i n  a x i s  i n  space.  

t h e  f a c t  t h a t  t h e  method provides  an independent e s t ima te  of t h e  ang le  between 

beacon maxima which i s  i n  reasonable  agreement wi th  t h e  t h e o r e t i c a l  p red ic-  
t i o n  of  t h i s  angle .  The ca lcLla t ions  involved i n  determining t h e  r e s u l t s  a r e  

f a i r l y  involved, and t h e y  dre t h e r e f o r e  descr ibed i n  d e t a i l  i n  Appendix A t o  

t h i s  volume of t h e  F i n a l  Report .  

5.2 Assumptions Used and Resul t s  

This  ca l cu la t ion  u t i l i z e s  beacon da ta  f o r  t h e  s p e c i a l  

The 

The output  of t h e  a n a l y s i s  c o n s i s t s  of t h e  included ang le  of t h e  

A check on t h e  v a l i d i t y  of t h i s  approach i s  provided by 

The determinat ion o f  t h e  sp in  a x i s  o r i e n t a t i o n  and t h e  beacon posi-  

t i o n s  r e l a t i v e  t o  t h e  s p i n  a x i s  i s  based on beacon da ta  obtained from t h e  

Royal Radar Establishment,  Malvern, England. An example of such da ta  i s  

given i n  F igure  3-1. 
of t h e  two beacon record ings  along with t h e  apparent  presence of an approxi- 

mate one-hundred-second per iod  i n  the analog r a d a r  da ta  record ings  

(F igu re  6-1 i s  a t y p i c a l  record  received from Mi l l s tone  H i l l . )  l e a d s  t o  

t h e  conclusion t h a t  t h e  bal loon i s  r o t a t i n g  wi th  t h i s  approximate pe r iod .  

The approximate one-hundred-second pe r iod  i n  each 

The assumptions which provide t h e  b a s i s  f o r  t h e  c a l c u l a t i o n  of 

ba l loon  o r i e n t a t i o n  a r e  a s  fol lows:  
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(a) 
(b)  

t h e  ba l loon  has  a s t a b l e  o r i e n t a t i o n  i n  i n e r t i a l  space;  

t h e  motion of t h e  balloon ac ross  t h e  sky causes  only second 

order  changes i n  t h e  r e s u l t s  during t h e  i n t e r v a l  of a s i n g l e  s p i n  pe r iod  

(see Appendix A where t h i s  e f f e c t  i s  d iscussed) ;  

( c )  smoothing of t h e  d is tance  between success ive  double maxima of 

t h e  beacon da ta  t o  ob ta in  an  average angular  d i s t a n c e  between them can be 

used.  

A s  discussed i n  Appendix A, t h e  method of c a l c u l a t i o n  y i e l d s  numeri- 

c a l  r e s u l t s  f o r  t h r e e  d i f f e r e n t  phys ica l  parameters bu t  s u f f e r s  from an in- 
he ren t  disadvantage t h a t  one o f  the t h r e e ,  s p i n  a x i s  o r i e n t a t i o n ,  can be 

determined only up t o  an ambiguity. 

fo l lows  : 

The r e s u l t s  of t h e  c a l c u l a t i o n  a r e  a s  

(a)  

(b)  displacement o f  beacon antenna from s p i n  equator,  1 .8  . 
( c )  s p i n  a x i s  o r i e n t a t i o n ,  one of t h e  two fo l lowing  o r i e n t a t i o n s .  

ang le  between beacon maxima, 153.2'. 
0 

Decl ina t ion  
0 -1.0 

+81 3' 

Right  A s  c e ns i on 

329 2' 

23.6' 

Each o f  t h e s e  p o i n t s  determines a vec tor  t o  t h e  c e l e s t i a l  sphere  

which i s  e i t h e r  p a r a l l e l  o r  a n t i - p a r a l l e l  t o  t h e  s p i n  a x i s  of t h e  bal loon.  
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6 .O COMMUNICATIONS 

6.1 Quan t i t a t ive  Resu l t s  

Quan t i t a t ive  ques t ions  have been examined i n  connect ion wi th  t h e  

e f f e c t  of v a r i a t i o n s  i n  t h e  ECHO I1 r a d a r  c r o s s  s e c t i o n s  i n  t h e  f u n c t i o n a l  

use of t h e  balloon a s  a pas s ive  communications s a t e l l i t e .  

depend upon present  understanding '  of t h e  s t a t i s t i c a l  p r o p e r t i e s  of t h e  r ada r  

c ros s  s e c t i o n .  

The f i n d i n g s  

On t h e  bas i s  of computations performed below, us ing  t y p i c a l  system 

parameters,  it is concluded t h a t :  

( a )  Fading r a t e s  ( i n  c a r r i e r  power) a r e  unacceptable  f o r  high 

q u a l i t y  communication a t  UHF, marginally accep tab le  a t  2000 MC and accep tab le  

a t  5000 MC. 

frequency modulated t ransmiss ion  a t  c a r r i e r  f r equenc ie s  g r e a t e r  t han  2000 MC. 

I n  p r a c t i c a l  terms t h i s  means t h a t  t h e  ECHO I1 i s  s u i t a b l e  f o r  

(b) R a d a r  c r o s s  s e c t i o n  s c i n t i l l a t i o n  of t h e  ECHO 11 in t roduces  n o i s e  

i n t o  t h e  information channel  f o r  ampli tude modulated s i g n a l s .  

modulated voice  t ransmiss ion  t h i s  no i se  can be  expected t o  s i g n i f i c a n t l y  

degrade q u a l i t y ,  whereas f o r  t e l e g r a p h i c  o r  slow da ta  r a t e  communication, 

t h e  n o i s e  can be expected t o  be n e g l i g i b l e .  

For ampli tude 

(c )  Although t h e  r a d a r  da ta  i s  monostat ic  ( r e c e i v e r  and t r a n s m i t t e r  

a t  same loca t ion )  it can be used t o  p r e d i c t  b i s t a t i c  communication per for -  

mance ( r ece ive r  and t r a n s m i t t e r  s epa ra t ed ) .  

For a high q u a l i t y  speech t ransmiss ion ,  wi th  a 20-KC bandwidth, t h e  

fol lowing system parameters  have been pos tu l a t ed :  

0 Noise temperature - 1000 K 

Signal/Noise F igure  - 25 db 

Antenna diameter ( r e c e i v e r  and t r a n s m i t t i n g )  - 60 f t  

Transmit t ing power - 1 KW 

Modulation - F.M. 

If u i s  t h e  minimum bal loon c r o s s  s e c t i o n  r equ i r ed  t o  ob ta in  t h e  m 
25 db s igna l /noise  f igu re ,  
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“ - 10 3 2  A ,  
m 

where b i s  t h e  wavelength of t h e  c a r r i e r .  

number would be mul t ip l i ed  by 9/4. 
For a @-foot  antenna t h i s  

This  g ives  t h e  t a b l e :  

C a r r i e r  Frequency f 40-ft antenna ) “min - (60-f t antenna ) “min  - 

300 MC 

5000 MC 

2000 MC 

- 1 .2  db 

- 17.7 db 

- 25.6 db 

+ 2.3 db 

- 14.2 db 

- 22.1 db 

t o  achieve  25 db s igna l /no i se  r a t i o  ( c r o  = 1320 m2) a t  1 KW ‘min Minimal - 
‘ 0  

t ransmiss ion .  

From t h i s  t a b l e ,  t h e  fading r a t e  (percentage of t ime t h e  ba l loon  c ross  

s e c t i o n  i s  less than  amin) can be computed, assuming t h a t  A = 6. 
def ined  i n  4.2 below): 

(A i s  

C a r r i e r  Frequency Fading r a t e  (60 f t  an tenna)  Fading r a t e  (40 f t  an tenna)  

300 MC 76 pe rcen t  90 pe rcen t  

2000 MC 3 pe rcen t  8 pe rcen t  

pe rcen t  .5 percen t  3000 MC 

The va lue  A = 6 used i n  these  computations i s  conserva t ive .  From da ta  

observed, A, i n  gene ra l  w i l l  be smaller, g iv ing  lower fad ing  rates.  

6 .2  Radar Cross Sec t ion  S t a t i s t i c s  

The da ta  obtained f o r  a r u n  of l eng th  T provides  a record  o f  t h e  c ros s  

s e c t i o n ,  o ( t ) ,  a s  a func t ion  of time. 

T a s :  

The mean c r o s s  s e c t i o n  uo, i s  def ined  

0 

Let f = u( t ) / ao .  
is  c l e a r l y  un i ty ,  and t h e  var iance of f ,  Vf = ( f  ) - 1. 

Regarding f as a random v a r i a b l e ,  t h e  mean value of f ,  ( f ) ,  
2 
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If t h e  cross s e c t i o n  i s  recorded on a db s c a l e ,  t h e  recorded quan t i ty  

i s  10 l o g  f .  

I t  i s  assumed t h a t  t h e  random va r i ab le ,  10  l o g  f,  i s  normally d i s t r i -  

2 buted wi th  mean m and va r i ance  A . 
t h e  observed data .  

This  assumption i s  n o t  i n c o n s i s t e n t  wi th  

I t  i s  then a s imple mat te r  t o  obta in  t h e  fol lowing r e l a t i o n s h i p s :  

2 
N -  .115 A . Bn 10 A2 m = -10 l o g  q ( f 2 )  = - - 20 

These r e l a t i o n s h i p s  enable  one t o  f i n d  any two of t h e  q u a n t i t i e s ,  m, 

A, V f ,  from t h e  t h i r d .  

On t h e  bas i s  of da ta  received,  both i n  t h e  f l i g h t  t e s t  and i n  t h e  

s t a t i c  i n f l a t i o n  tests, t y p i c a l  va lues  of A a r e  3 a t  t h e  lower f r equenc ie s  

and 6 a t  t h e  higher f requencies ,  g iv ing  corresponding va lues  f o r  m of -1 db 
and -3 db. 

The cumulative p r o b a b i l i t y  d i s t r i b u t i o n  f o r  f i s  

where 

6 .3  Fading Ra te  

F o r  a p a r t i c u l a r  r e c e i v e r  s e n s i t i v i t y  t h e  minimal accep tab le  rece ived  

power i s  spec i f i ed .  

e f f e c t i v e  ape r tu re  of t h e  r e c e i v e r  antenna, and t h e  t r a j e c t o r y  of t h e  ECHO I1 

a r e  given, then by using t h e  r a d a r  equat ion,  

If t h e  power and ga in  of t h e  t r a n s m i t t i n g  system, t h e  
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t h i s  rece ived  power requirement can be t r a n s l a t e d  i n t o  a minimal accep tab le  

va lue  of 0, am am, of course, var ies ,  depending on t h e  v a r i a b l e s  Rt and R,, 
t h e  r e s p e c t i v e  d i s t ances  from t h e  ba l loon  t o  t h e  t r a n s m i t t e r  and r e c e i v e r .  

F o r  a p a r t i c u l a r  va lue  of u t h e  f ad ing  r a t e  i s  t h e  p r o b a b i l i t y  t h a t  a <  am, 
or  equiva len t ly ,  t h a t  f < om/ao, which from s e c t i o n  4.2, i s  

m’ 

10 l o g  - 
‘ 0  am + A2) .( A 

The fad ing  r a t e  can be i n t e r p r e t e d  a s  t h e  percentage of t ime t h a t  t h e  rece ived  

power i s  less than  t h e  minimal acceptab le  value.  

If, f o r  example, it i s  des i red  t o  have a f ad ing  r a t e  < .01, it is 

necessary t h a t  
(‘0 l o t  ‘m + .ll5 A . ‘0 *>< .01, or  

2 > ,115 A + 2 . 4  A . 

If A = 5 ,  o must  be 13 db below o0. When t h i s  va lue  i s  i n s e r t e d  m 
i n t o  t h e  r ada r  equat ion t h e  minimal va lue  of,Pt-?an be determined. 

‘m 
a 9 db r educ t ion  i n  t h e  necessary t r a n s m i t t e r  power, f o r  a f ad ing  r a t e  < .01. 

If A = 3, 
need be only 6 db below uo. Therefore,  going from A = 5 t o  A = 3 causes 

6.4 Signa l  Modulation by t h e  Balloon 

Because t h e  r a d a r  data  determines t h e  amplitude,  bu t  n o t  t h e  phase, 

o f  a r e f l e c t e d  s i g n a l ,  d i scuss ion  of  bal loon modulation has been l i m i t e d  t o  

ampli tude modulated s i g n a l s .  

The wave form of an amplitude modulated s i g n a l  can be represented  a s  

1 + s ( t )  

where s ( t )  i s  t h e  modulation waveform which i s  t h e  informat ion  ca r ry ing  

s i g n a l .  If t h e r e  is  no f u r t h e r  modulation by t h e  t ransmiss ion  path,  t h e  
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waveform a r r i v i n g  a t  t h e  r e c e i v e r  i s  unchanged and t h e  de t ec t ed  waveform 

wi1.l be 
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where n ( t )  is  the  n o i s e  of t h e  r e c e i v e r  system. 
t h e  t ransmission pa th  modulates t h e  s i g n a l .  

This  p i c t u r e  changes when 

In  p a r t i c u l a r ,  a f t e r  r e f l e c t i o n  by t h e  bal loon,  t h e  waveform a r r i v -  

i ng  a t  t h e  r e c e i v e r  i s  

" 0  

The modulation waveform i s  t h e r e f o r e  

s ( t )  J? + (& - 1) = s ( t )  + (1 + s ( t )  ) (& - 1) 

The de tec ted  s i g n a l  i s  then  

s ( t )  + (1 + s ( t )  ) (4? - 1.) + dt). 

The term N ( t )  : 

information car ry ing  s i g n a l  s ( t )  

s is a random va r i ab le .  

can be determined on t h e  b a s i s  of t h e  fo l lowing  f a c t :  

(1 + s ( t )  ) (& - 1) i s  n o i s e  which has been added t o  t h e  

If t h e  s i g n a l  ensemble i s  s p e c i f i e d ,  

Then N ( t )  i s  a random v a r i a b l e  whose d i s t r i b u t i o n  

If F, G a r e  independent random v a r i a b l e s  wi th  p r o b a b i l i t y  d e n s i t i e s ,  

r e spec t ive ly  D (x) ,  D 

v a r i a b l e  F G i s  

(x) ,  then  t h e  p r o b a b i l i t y  dens i ty  f o r  t h e  random F G 

co 
n 

T h u s ,  s ince  i n  4 . 1  we have determined t h e  d i s t r i b u t e d  func t ion  f o r  f 

and hence f o r  '- 1, it i s  p o s s i b l e  t o  f i n d  t h e  d i s t r i b u t i o n  funct ' ion f o r  N .  

The average noise  power i s  then  t h e  expected va lue  
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(N2)  = ((1 + s ) ~  (& - 1)2 ) , 

and t h e  s i g n a l  t o  no i se  r a t i o  

i s  t h e  h ighes t  p o s s i b l e  s i g n a l  t o  n o i s e  r a t i o ,  even i f  t h e  system no i se  i s  

zero.  

We have computed t h i s  r a t io  f o r  two d i f f e r e n t  s i g n a l  ensembles: 

(a )  s is  uniformly d i s t r i b u t e d  over t h e  range - P < - -  x < P, where 

0 < - -  P < 1, P represent ing  t h e  modulation percentage.  

cas  e 

I n  t h i s  

4 2 
p x 1 0  1 

EN2) 16 A2 1 + p2 

For A = 5 ,  t h i s  r a t i o  i s  approximately 12 f o r  P = 1 and 

6 f o r  P = -. 
For A = 3, t h e  va lue  of t h e  r a t i o  i s  approximately 33 f o r  

P = 1 and 16 f o r  P = 2. 

1 
2 

1 

(b)  s = 0 and -1 with  equal p r o b a b i l i t y  (keyed CW t ransmiss ion) .  

In  t h i s  case,  

Here even f o r  A = 10, t h e  r a t i o  i s  150. 

6.5 B i s t a t i c  E f fec t s  

It should be observed t h a t  t h e  va lues  of cr obtained during t h e  ECHO I1 

f l i g h t  tests a r e  monostat ic ;  corresponding t o  r e c e i v e r  and t r a n s m i t t e r  being 

a t  t h e  same l o c a t i o n .  On t h e  other hand, f o r  communications purposes, t h e  

r e c e i v e r  and t r a n s m i t t e r  a r e  separa ted ;  t h e  a p p r o p r i a t e  o i s  t h e  b i s t a t i c  
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c ross  s e c t i o n .  

<_ 30°, and f o r  f requencies  > 170 MC, t h e  b i s t a t i c  c ros s  s e c t i o n  can be 

obtained from the monostatic c ross  s e c t i o n .  In  t h e  S t a t i c  I n f l a t i o n  Tests, 

t h e  r ada r  c ross  sec t ions  obtained by b i s t a t i c  measurements were found t o  cor- 

r e l a t e  with t h e  monostatic r ada r  c ros s  s e c t i o n  computed on t h e  b a s i s  of photo- 

grammetric measurements, t hus  v e r i f y i n g  t h e  e a r l i e r  a n a l y s i s .  For lower fre- 

quencies  and l a r g e r  b i s t a t i c  ang le s  it i s  es t imated  t h a t  t h e  r a d a r  c ros s  

s e c t i o n  s t a t i s t i c s ,  obtained by monostatic r ada r  measurements a r e  a p p l i c a b l e  

t o  b i s t a t i c  angles  o f  a t  l e a s t  90 , and f o r  f requencies  g r e a t e r  t han  100 MC. 

I n  e a r l i e r  work it was determined t h a t  f o r  b i s t a t i c  angles  

0 
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7.0 CONCLUSIONS 

The r a d a r  po r t ion  of t h e  f l i g h t  t e s t  experiment monitored t h e  c ros s  

s e c t i o n  of  ECHO I1 as  a func t ion  o f  t ime.  

of t h e  analog data and of processing of t h e  a v a i l a b l e  d i g i t a l  data ,  it is 

p o s s i b l e  t o  o f f e r  a t  t h i s  t ime conclusions concerning t h e  ba l loon  - i t s  q u a l i t y  

a s  a pas s ive  communication s a t e l l i t e ,  and t h e  degree of success  of t h e  ea r l i e r  

t h e o r e t i c a l  and experimental  programs i n  p r e d i c t i n g  t h e s e  p r o p e r t i e s .  

A s  a r e s u l t  of phys i ca l  i n spec t ion  

7.1 Phys ica l  Descr ip t ion  of ECHO I1 

The fol lowing conclusions a r e  advanced: 

( a )  The ba l loon  i n f l a t e d  t o  a gene ra l ly  s p h e r i c a l  shape having 

approximately t h e  design r a d i u s  of  67.5 feet .  

(b) The sphere  has many minor p e r t u r b a t i o n s  i n  i t s  shape and a t  l e a s t  

one major deformation, as is  evidenced by t h e  marked drop i n  c ros s  s e c t i o n  

shown i n  Figure 4-1. The radar data  i s  c o n s i s t e n t  wi th  t h i s  major deformation 

being a wedge-like bulge near  a beacon. 

obtained by process ing  t h e  usable  da t a  have an average (aver  13  runs)  

s tandard  dev ia t ion  of 5.73 db a t  C-band and s tandard  dev ia t ions  of 4.80, 

6.56, and 4.19 db f o r  t h r e e  L-band runs .  

The s c i n t i l l a t i o n s  of t h e  r e t u r n  

(c) The bal loon is  spinning wi th  a per iod  vary ing  about  100 seconds.  
0 The beacons a r e  loca t ed  approximately i n  a p l ane  a t  an ang le  of 1.8 

t h e  s p i n  equator .  

wi th  

7.2 Effec t iveness  a s  a Communication S a t e l l i t e  

With t h e  data  obtained and t h e  r a d a r  c r o s s  s e c t i o n  s t a t i s t i c s  de r ivab le  

from t h i s  da ta  it i s  p o s s i b l e  t o  e s t ima te  t h e  e f f e c t i v e n e s s  of ECHO I1 a s  a 

communications s a t e l l i t e  a s  i s  shown i n  Sec t ion  4.0. 

parameters  r e l a t i v e  t o  high q u a l i t y  audio t ransmiss ion  (20 kc bandwidth), a t  

a c a r r i e r  frequency of 5000 MC a fad ing  r a t e  of 0.03 percen t  i s  p red ic t ed  

t o  be a r e l i a b l e  communications s a t e l l i t e  f o r  frequency modulated s i g n a l s  a t  

f requencies  g r e a t e r  than  2000 MC. 

For t y p i c a l  system 
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7.3 Anomalies 

Drop out exh ib i t ed  i n  t h e  r ada r  c ros s  s e c t i o n  da ta  can be examined 

i n  terms of minor geometric pe r tu rba t ions  of t h e  ba l loon  s u r f a c e .  

explana t ions  which have been of fered ;  i n  p a r t i c u l a r ,  
Other 

I 
I 

(a)  plasma effects 

(b) holes  i n  t h e  bal loon 

( c )  multi-pathing 

have been examined i n  q u a n t i t a t i v e  d e t a i l  and a r e  i n c o n s i s t e n t  wi th  e i t h e r  

t h e  da ta  o r  with w e l l  e s t a b l i s h e d  phys ica l  laws. 

7.4 Comparison with Previous Work 

Previous work discussed i n  Volume I of t h e  F i n a l  Report cons i s t ed  of 

ground t e s t i n g  o f  small segments of ECHO I1 m a t e r i a l  and of t h e o r e t i c a l  

ex t r apo la t ion  a s  a r e s u l t  of t h e s e  tests t o  a f u l l  s c a l e  ba l loon  and was 
a v a l i d  p r e d i c t i v e  device f o r  determinat ion of f l i g h t  performance. Cor- 

r e l a t i o n  among small segment measurements , f u l l  s c a l e  s t a t i c  i n f l a t i o n  t es t  

measurements, t h e o r e t i c a l  p r e d i c t i o n s  on t h e  b a s i s  of photogrammetric mea- 

surements,  and a c t u a l  f l i g h t  t e s t  measurements was extremely high.  

7 0 5  Shor t  Duration, Large Amplitude S c i n t i l l a t i o n s  

The f l i g h t  data  e x h i b i t s  one e f f e c t  which i s  d i f f i c u l t  t o  expla in  

on t h e  b a s i s  of around t e s t  r e s u l t s .  This  i s  t h e  ex i s t ence  i n  t h e  t ime 

dependent r ada r  c ros s  s e c t i o n  p a t t e r n s  of s h o r t  du ra t ion  s c i n t i l l a t i o n s  of 

up t o  15 or  X) db. Because of t h e i r  s h o r t  du ra t ion  (o f t en  of t h e  same 

order  a s  t h a t  o f  t y p i c a l  record ing  pen recovery speeds,  i .e. ,  about  l/8 
second) t h e s e  s c i n t i l l a t i o n s  h v e  l i t t l e  effect  on t h e  r a d a r  c ros s  s e c t i o n  

s t a t i s t i c s .  

e s p e c i a l l y  a f t e r  t ime 16-20-40. 
These l a r g e  ampli tude s c i n t i l l a t i o n s  can be seen on Figure  6-1, 
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8.0 GLOSSARY OF TECHNICAL TERMS 

8 -1 S t a t i s t i c s  

Mean: The average o r  a r i t h m e t i c  mean of a s e t  of 

va lues  i s  obtained by d iv id ing  t h e  sum of 

t h e  values  by t h e  number of va lues .  

Median: The median of a s e t  o f  va lues  i s  t h a t  va lue  

which d iv ides  t h e  set  s o  t h a t  an equal  number 
of i tems occurs  on e i t h e r  s i d e  of t h a t  value.  

Standard Deviation: The s tandard  dev ia t ion  g ives  an i n d i c a t i o n  of 

t h e  spread of a se t  of va lues  such a s  RCS and is  

def ined mathematidally a s :  

Geometric Mean: 

Variance: 

Ii i =1 
(X,-R)2 

where X.  a r e  t h e  va lues ,  n t h e  number of values ,  

and E t h e  mean of t h e  s e t  of va lues .  
1 

The geometric mean of a s e t  of n va lues  i s  t h e  

m- r o o t  of t h e  product  of t h e  va lues  and i s  

def ined mathematically a s :  

t h  

Xl.X 2...Xn, where X .  a r e  
1 

t h e  va lues .  

The var iance  of a se t  of va lues  is  t h e  square  

of t h e  s t anda rd  dev ia t ion .  

Frequency D i s t r i b u t i o n :  The frequency d i s t r i b u t i o n  of a s e t  of va lues  

o r  observa t ions  i s  a t a b l e  g iv ing  f o r  each 

va lue  t h e  corresponding number of observa t ions .  

The p r o b a b i l i t y  f u n c t i o n  of a s e t  of va lues  

or  observa t ions  i s  s i m i l a r  t o  a frequency 
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d i s t r i b u t i o n  and i s  a tab le  g iv ing  f o r  each 

value t h e  corresponding number of observa t ions  

divided by t h e  t o t a l  number of observa t ions .  

Histogram: A histogram i s  a g r a p h i c a l  r e p r e s e n t a t i o n  of 

a frequency d i s t r i b u t i o n .  Rectangles a r e  

formed which have t h e  i n t e r v a l  used t o  segre- 
ga te  t h e  observa t ions  a s  t h e  base and fre- 

quency of observa t ions  i n  t h e  i n t e r n a l  a s  

he ight .  Equal a r e a s  r e p r e s e n t  equal  

f requencies .  

Normal Di s t r ibu t ion :  The s t anda rd  normal o r  gauss ian  d i s t r i b u t i o n  

i s  def ined  a s  fo l lows:  t h e  p r o b a b i l i t y  t h a t  
t h e  q u a n t i t y  Y i s  less t h a n  o r  equal  t o  

X (Prob (Y < - X) ) i s  def ined  as: 

which has a mean of ze ro  and a s tandard  

devia t ion  of 1. 

Log-Normal Di s t r ibu t ion :  The q u a n t i t y  X i s  sa id  t o  have a log-normal 

Y 
d i s t r i b u t i o n  if log  X i s  normal o r  gauss ian  

d i s t r i b u t e d ;  t h a t  is, i f  X i s  of t h e  form e , 
where Y i s  normal. 

This i s  a s t a t i s t i c a l  t e s t  used t o  determine 

how c l o s e l y  a d i s t r i b u t i o n  wi th  a given mean 

and s tandard  dev ia t ion  i s  approximated by a 

normal o r  gaussian d i s t r i b u t i o n  wi th  t h e  same 

mean and s tandard  dev ia t ion .  

2 Chi-square ( X  ) Tes t :  

Auto-C o r r e l a t i o n  : The au to -co r re l a t ion  of a func t ion ,  f ( t ) ,  i s  

defined a s :  
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Power Spectrum: 

8 > 2  Radar 

T/ 2 
l i m  
T 4 c 0  1 f ( t )  f ( t+T)  d t ,  T - 

-T/ 2 

and i s  a func t ion  of t h e  lag  T. 

l a g  T t h e  va lue  of t h e  au to -co r re l a t ion  

func t ion  i s  p o s i t i v e  and l a r g e  r e l a t i v e  t o  

t h e  va lue  f o r  T = 0, t h i s  i n d i c a t e s  t h e  

func t ion ,  f ( t ) ,  is  p e r i o d i c  wi th  per iod  T. 

The power spectrum of a func t ion ,  f ( t ) ,  i s  

t h e  Four ie r  t ransform of t h e  au to -co r re l a t ion  

and i s  a measure of t h e  con t r ibu t ion  t o  t h e  

var iance  of t h e  func t ion  by given frequency 

components. 

If f o r  a 

Radar Cross Sec t ion :  The r a d a r  c r o s s  s e c t i o n  of an o b j e c t  i s  t h e  

r a t i o  of  t h e  t o t a l  r e f l e c t e d  e lec t romagnet ic  

energy which i s  being emi t ted  by a r a d a r .  

The r ada r  c ros s  s e c t i o n  depends on t h e  r e l a t i v e  

o r i e n t a t i o n s  of  t h e  o b j e c t  and t h e  r a d a r  and 

a l s o  whether t h e  r a d a r  t r a n s m i t t e r  and r e c e i v e r  

a r e  a t  t h e  same l o c a t i o n .  

of t h e  r ada r  equat ion i s :  

A s i m p l i f i e d  form 

I 
I 
1 
I 
I 

I 
I 
i 
I 

where, 

P = rece ived  power i n  wa t t s ,  W, 
2 

K = r ada r  c o e f f i c i e n t  i n  NM4 W/M , 
u = r a d a r  c r o s s  s e c t i o n  i n  square  

2 meters, M , 
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R = range i n  n a u t i c a l  m i l e s , . N M .  

Monostatic Cross Sect ion:  The c ross  s e c t i o n  of  an o b j e c t  when t h e  

t r ansmi t t i ng  and r ece iv ing  antennas of t h e  

radar  a re  a t  t h e  same l o c a t i o n  i s  c a l l e d  t h e  

monostatic c r o s s  s e c t i o n .  

Bis ta t ic  Cross Sect ion:  The c r o s s  s e c t i o n  of  an o b j e c t  when t h e  

t r ansmi t t i ng  and r ece iv ing  antennas of t h e  

radar  a r e  phys i ca l ly  sepa ra t ed  i s  c a l l e d  t h e  

b i s t a t i c  c ros s  s e c t i o n .  

Gain: 

Po la r i za t ion :  

S c i n t i l l a t i o n  : 

The antenna ga in  i s  a measure of  t h e  power 

r ad ia t ed  i n  a p a r t i c u l a r  d i r e c t i o n  by a 

d i r e c t i v e  antenna t o  t h e  power which would 

have been r a d i a t e d  i n  t h e  same d i r e c t i o n  by 

an omni-direct ional  antenna wi th  100 pe rcen t  

e f f i c i ency .  

The d i r e c t i o n  of p o l a r i z a t i o n  of an antenna i s  

defined as t h e  d i r e c t i o n  of t h e  e l e c t r i c  f i e l d  

vec tor .  

i zed ;  t h a t  is ,  t h e  d i r e c t i o n  of t h e  e l e c t r i c  

f i e l d  vec to r  i s  e i t h e r  v e r t i c a l  o r  h o r i z o n t a l .  

The p o l a r i z a t i o n  may a l s o  be e l l i p t i c a l  o r  

c i r c u l a r  i f  t h e  d i r e c t i o n  of  t h e  e l e c t r i c  f i e l d  

vec tor  v a r i e s  wi th  time. 

Most r a d a r  antennas a r e  l i n e a r l y  polar -  

I n  p r a c t i c e  t h e  r e tu rned  r a d a r  s i g n a l  from a 

t a r g e t  i n  motion i s  almost never  cons tan t .  

Var ia t ions  i n  t h e  r e tu rned  s i g n a l  may be 

caused by l a r g e  v a r i a t i o n s  i n  t h e  r a d a r  c ros s  

sec t ion  o r  by small p e r t u r b a t i o n s  of r a d a r  

cross  sec t ion ,  meteoro logica l  condi t ions ,  t h e  

lobe s t r u c t u r e  o f  t h e  antenna p a t t e r n ,  o r  equip- 

ment i n s t a b i l i t i e s .  Var i a t ions  i n  r e tu rned  
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s i g n a l  due t o  t h e  l a s t  f o u r  causes  a r e  c a l l e d  

s c i n t i l l a t i o n .  

S igna l  t o  Noise Rat io:  The r a t i o  of t h e  power r e tu rned  from t h e  t a r g e t  

t o  t h e  power r ece ived  from a l l  o the r  sources ,  

such as r e c e i v e r  n o i s e  and background no i se  
picked up by t h e  r ece iv ing  antenna, i s  c a l l e d  

t h e  s igna l - to-noise  r a t i o .  

The fad ing  r a t e  i s  t h e  percentage of  t ime t h a t  

t h e  rece ived  power i s  l e s s  t han  t h e  minimum 

accep tab le  va lue .  

Fading Rate: 

Frequency ( o r  wave- 

l eng th )  Bands VHF -- 30 MC t o  300 MC (I m t o  10m) 

UHF -- 300 MC t o  1000 MC (1 m t o  13 m) 
L-band -- 1000 MC t o  2000 MC (13 cm t o  30 cm) 

S-band -- 2000 MC t o  4000 MC (7.3 cm t o  I5 cm) 

C-band -- 4000 MC t o  8000 MC (7.5 cm t o  -- 

X-band -- 8000 MC t o  12,300 MC (2.4 cm t o  3.75cm) 
) 

Specu la r  P o i n t  I The specu la r  p o i n t  on a r e f l e c t i n g  body, f o r  

a monostat ic  radar ,  has i t s  s u r f a c e  normal 
v e c t o r  po in t ing  d i r e c t l y  a t  t h e  r a d a r ;  f o r  a 

b i s t a t i c  radar ,  t h e  s u r f a c e  normal v e c t o r  of  

t h e  specu la r  p o i n t  b i s e c t s  t h e  ang le  made by 

t h e  t r a n s m i t t e r  and r e c e i v e r  a t  t h e  s u r f a c e  

of t h e  body. 

Rayleigh Sca t t e r ing :  Rayleigh s c a t t e r i n g  i s  a t y p e  of r e f l e c t i o n  

where t h e  dimensions o f  t h e  r e f l e c t i n g  ob jec t  

a r e  small compared t o  t h e  wavelength of t h e  

i n c i d e n t  e lec t romagnet ic  energy, (2fia/h<<l), 

where a i s  t h e  c h a r a c t e r i s t i c  dimension of 

t h e  o b j e c t  and A i s  t h e  r a d a r  wavelength. 

The phenomenon i s  named a f t e r  Lord Rayleigh, 
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Conductmn C ~ o m t i o n  

Gyration Radius: 

and t h e  r e f l e c t i n g  ob jec t s  a r e  c a l l e d  

Rayleigh scat terers .  

T h i s  symbol s t ands  f o r  dec ibe l s  r e l a t i v e  t o  

a square meter. If A i s  t h e  a r e a  of an o b j e c t  

i n  square  meters, then  10 loglOA i s  t h e  a r e a  

i n  d e c i b e l s  above a square meter. 

The g y r a t i o n  r a d i u s  of an e l e c t r o n  i s  t h e  

rad ius ,  measured perpendicular  t o  t h e  magnetic 

f i e l d  l i n e s ,  of t h e  s p i r a l  which desc r ibes  t h e  

path of t h e  e l e c t r o n  while  moving through t h e  

magnetic f i e l d :  

mV R = -  
eB 
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Introduct ion 

The problems t o  be considered i n  t h i s  r e p o r t  a r e  t h e  determinat ion 

of t h e  loca t ion  of t h e  two beacon antennas o f  ECHO I1 r e l a t i v e  t o  t h e  

s p i n  a x i s  of t h e  balloon, and t h e  o r i e n t a t i o n  of t h a t  sp in  a x i s  i n  space.  

In  so lv ing  f o r  t hese  p rope r t i e s ,  s t i l l  another  q u a n t i t y  must  be found - 
t h e  beam spread angle  of t h e  two beacons (assumed t o  be i d e n t i c a l ) .  The 

i n f o r m t i o n  u t i l i z e d  i n  so lv ing  f o r  t hese  q u a n t i t i e s  comes from a record 

o f  t h e  s igna l  i n t e n s i t y  received versus  t ime f o r  each beacon a t  a f i xed  
po in t  on the e a r t h ' s  su r f ace .  

Method 

I -A.  Input Data 

The precise  antenna p a t t e r n  of t h e  beacons i s  no t  known. However, a 

reasonable  assumption i s  t h a t  t h e  p a t t e r n  i s  c y l i n d r i c a l l y  symmetric about 
1 t h e  d i r ec t ion  of  t he  monopole antenna . 

p a t t e r n  on any plane which inc ludes  t h e  antenna w i l l  then appear a s  i n  
Figure 1. 

eec t ion  is what we c a l l  t h e  Antenna Spread Angle. 

t h e  balloon from a d i s t ance  w i l l  r e ce ive  t h e  s t r o n g e s t  s i g n a l  from t h i s  
beacon whenever he is  on t h e  con ica l  su r f ace  whose a x i s  of symmetry i s  

along t h e  monopole antenna and whose angle  from t h e  a x i s  i s  p/2. 

A c ross  s e c t i o n  of t h e  antenna 

The angle  p between the  maxima of t h e  two lobes  on t h i s  c ros s  

An observer viewing 

If the  s a t e l l i t e  were f ixed  i n  space,  bu t  spinning,  t h e  s i g n a l  

rece ived  by an observer  would appear s i m i l a r  i n  shape t o  t h a t  shown i n  
Figure 2, where t - t i s  t h e  sp in  per iod,  provided t h e  beacon antenna 
a t  i t s  point  of c l o s e s t  approach t o  t h e  observer makes an angle  of l e s s  

than  p/2. 

s i n g l e  maximum w i l l  occur during each sp in  per iod .  

uses information which i s  present  only i n  records  of t h e  type  portrayed i n  
Figure 2, and thus  only observat ions which g ive  t h i s  shape a r e  considered 

he re .  

3 1  

If t h i s  angle  o f  c l o s e s t  approach is  g r e a t e r  than p/2, only a 

The preaent  c a l c u l a t i o n  
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1. See Footnote 1. 
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Let  us consider  a l a r g e  sphe r i ca l  su r f ace  concent r ic  with t h e  bal loon,  

whose north-south a x i s  l i e s  along t h e  bal loon sp in  a x i s .  

r o t a t e s  with t h e  same angular  ve loc i ty  a s  t h e  balloon, t h e  d i r e c t i o n  of 

maximum s i g n a l  s t r e n g t h  from each beacon can be represented  as a s t a t i o n -  
a r y  c i r c l e  on t h e  surface - namely, t h e  i n t e r s e c t i o n  with t h e  s p h e r i c a l  

surface of a con ica l  su r f ace  whose apex is t h e  cen te r  of t h e  sphere,  whose 
a x i s  of symmetry l i e s  along t h e  antenna, and whose c e n t r a l  ang le  i s  p/2. 
The s t r a i g h t  l i n e  connecting the observer and t h e  s a t e l l i t e  i n t e r c e p t s  t h e  

s p h e r i c a l  su r f ace  a t  some po in t  a long a c i r c l e  of cons tan t  l a t i t u d e ,  t r a c -  

i ng  t h i s  complete c i rc le  once each r evo lu t ion  of  t h e  bal loon about i t s  sp in  

axis. 
o f  t h e  observer r e l a t i v e  t o  t h e  s p i n  a x i s .  

surface, with t h e  Observer Ci rc le  and Beam Maximum Circle, might look t o  
someone s i t u a t e d  d i r e c t l y  over the  nor th  pole  of t h e  sur face ,  f o r  an 

o r i e n t a t i o n  capable  of providing t h e  observer with a beacon signal l i k e  

that of Figure 2. 

If t h i s  su r f ace  

The l a t i t u d e  of t h i s  Observer C i r c l e  is  determined by t h e  d i r e c t i o n  

Figure 3 shows how t h i s  s p h e r i c a l  

The po in t s  of i n t e r s e c t i o n  of t h e  Observer C i r c l e  wi th  t h e  Beam Maximum 
Circle correspond t o  t h e  times tl and t2 of Figure 2. 
01 along t h e  Observer C i r c l e  between these  two po in t s  is  t h e  ang le  r o t a t e d  

by t h e  balloon i n  t h e  t ime i n t e r v a l  t2 - tl. 

The angular  d i s t ance  

Since t h e  sp in  per iod is  

t 3  - tl, 

(1) 
- -  t2 - - a 
M 

It i s  t h i s  angle  a which serves  a s  t h e  inpu t  f o r  our s o l u t i o n .  

t3  - tl 
2 

Since we have fou r  unknowns - t h e  two q u a n t i t i e s  r equ i r ed  t o  spec i fy  

t h e  d i r e c t i o n  of t h e  sp in  a x i s ,  p lus  t h e  Antenna Spread Angle and t h e  angle  

from s p i n  axis t o  t h e  beacon - four q u a n t i t i e s  such as a are  requi red  t o  
determine t h e  s o l u t i o n .  Since the re  a r e  two beacons on t h e  bal loon,  v i r t u a l l y  

2. See Footnote 2. 
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i d e n t i c a l ,  bu t  d i s t i ngu i shab le  on account of frequency, we may, if t h e  
o r i e n t a t i o n  is r i g h t ,  ob ta in  two values  of a, all f o r  beacon 1 and a21, 
f o r  beacon 2, f r o m  a s i n g l e  pass .  Another pass, with a d i f f e r e n t  or ien-  

t a t i o n  between observer and sp in  ax i s ,  provides us with two more values ,  

However, we now must  r e l a t e  t h e s e  four  value8 of a t o  one 

another .  all and ~1~~ share  a common Observer C i rc l e ,  with t h e i r  Beam 
Maximum C i r c l e s  d iamet r ica l ly  opposed. The same is  t r u e  of a12 and a22, 
bu t  with a d i f f e r e n t  Observer C i rc l e .  F ina l ly ,  i f  t h e  d i r e c t i o n  of t h e  

s a t e l l i t e  from the  observer f o r  each observat ion is known, t h e s e  two po in t s  
determine t h e  length and d i r e c t i o n  i n  abso lu te  c e l e s t i a l  coordinate8 of an 

a r c  of a g r e a t  c i r c l e  connecting t h e  observer c i r c l e  of pass 1 with t h a t  

and cf22* %2 

of pass 2. 

I -B  Method of Calcu la t ion  

Since our i n p u t  is t h e  angular  d i s t ance  a of Figure 3, we need t o  

Let  u s  then 

ree  how t h i s  quant i ty  is r e l a t e d  t o  t h e  s i z e  of t h e  Observer C i r c l e  and 

of t h e  Beam Maximum Ci rc l e ,  and t h e i r  r e l a t i v e  p o s i t i o n s .  
t a k e  two known c i r c l e s  on t h e  su r face  o f a  sphere,  and c a l c u l a t e  t h e  angle  
a determined by t h e i r  i n t e r s e c t i o n s .  The Observer C i r c l e  "Off, with i t s  
cen te r  on 
n p - go). 
d i  sp l a  ced 
angle  E. 

t h e  v e r t i c a l  a x i s ,  subtends an angle  8, ( i . e . ,  is a t  t h e  l a t i t u d e  

The Beam Maximum C i r c l e  "B" has i t s  c e n t e r  on a l i n e  which is  
by an angular d i s t ance  6 from t h e  v e r t i c a l  a x i s ,  and subtends an 
Figure 4 shows t h e  p ro jec t ion  of t h e s e  c i r c l e s  onto t h e  plane 

containing t h e  centers  of both c i r c l e s  and t h e  cen te r  of t h e  s p h e r i c a l  
su r f ace  upon which they a r e  drawn. 

If t h e  v e r t i c a l  a x i s  i s  chosen t o  be t h e  z d i r e c t i o n ,  then t h e  two 
c i r c l e s  intersect when t h e i r  z components are equal .  
is  i n  t h e  plane of cons tan t  z, whose value i s  

The Observer C i r c l e  

z = COS eo 
0 
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For t h e  Beam Maximum Circ le ,  l e t  u s  def ine  a p o s i t i o n  angle  'pB ( see  

Figure 3) measured a t  t h e  center  o f  t h e  c i r c l e ,  with i ts  zero  pos i t i on  

occurr ing when t h e  radius vector l i e s  i n  t h e  plane of Figure 4. The z 
component of c i r c l e  B i s  thus  

0 cos 8 cos + s i n  8 s i n  8 COB 'pB ZB 
When t h e  two c i r c l e s  i n t e r s e c t ,  zB = zo, and t h i s  equat ion determinee a 
particular value of c p ~ ,  which we c a l l  cpl: 

COS eo - COS 8 COB B 
B cos 'PI - 

s i n  6 s i n  

The angular  d i s t ance  between the two po in t s  of i n t e r s e c t i o n ,  measured a t  
t h e  cen te r  of c i r c l e  0, is  a .  The two c i r c l e s  have r ad i i  

r 
0 

'B 
r e spec t ive ly  (See Figure 4). The 

of  i n t e r s e c t i o n  i s  2 rl s i n  cpl o r  
equal,  we f i n d  

Thus 

= s i n  eo 

= s i n  8 
2 

l i n e a r  d i s t ance  between t h e  two poin ts  
a 2 ro s i n  - 2' S e t t i n g  t h e s e  two expressions 

s i n  8 
1 s i n  cp = - s i n  cp 1 s i n  eo 

(3)  

(4) 

(7 )  

and by combining equat ions (4) and (7), we obta in  

2 cos2 E + cos2 6 cos 2 eo - s i n 2  6 + cos 2 eo - 4 cos e cos 6 cos E 
(8) 

0 
2 cos a = 

s i n 2  6 s i n  eo 
< 

I n  order  t o  make t h e  ca lcu la t ion ,  we must have four  values  of a, l abe led  

all, a21, a12, a22 as defined i n  Sect ion I-A. 
C i r c l e s  subtends t h e  same angle  $, but  t h e r e  a r e  two values  of 6: 61 f o r  

Each of t h e  Beam Maximum 
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beacon 1 and 82 for beacon 2. 

antennas a r e  d iamet r ica l ly  opposed, 
Since we know, however, t h a t  t h e  beacon 

82 = II - 81 (9) 

Fina l ly ,  we have two Observer C i r c l e s  el and e2. 
four  equat ions similar t o  Equation 8. 
t h e s e  a r e  

Thus we begin with 

U t i l i z i n g  t h e  r e l a t i o n s h i p s  (g), 

2 2 2 2 cos2 1 + cos2 el cos el - s i n  81 + cos el - 4 cos 81 cos 1 cos el 

( loa )  
s i n  81 sin' el 

t cos el cos e2 - s i n  81 + cos e2 - 4 cos b1 cos f cos e2 

( lob)  
s i n 2  81 s i n  e2 

2 cor2 1 t cob el cos el - s i n  8 + cos el t 4 cos bl cos f cos el 

( 1 0 4  
Bin 61 sin' el 

2 cos2 { + cos el cos e2 - s i n  b1 + cos e2 + 4 cos el cos 1 cos e2 

( l o a  
s i n  81 s i n 2  O2 

2 cos all = 

2 2 2 2 2 cos2 

2 cos a12 = 

2 2 2 2 
1 

2 cor a21 - 
2 2 2 2 

2 COB a22 = 

One o ther  piece of data r equ i r ed  is t h e  change i n  viewing a spec t  between 

t h e  two passes .  

space of t h e  s p i n  a x i s  of t h e  bal loon.  
t h e  s a t e l l i t e  a r e  s t a t i o n a r y  i n  t h e  abso lu te  coord ina te  system, and s i n c e  

they  i n t e r s e c t  a t  t h e  center  of t h e  bal loon,  def ine  a plane.  The por t ion  
of t h i s  plane between t h e  two observer l i n e s  i n t e r s e c t s  t h e  s p h e r i c a l  su r f ace  

concent r ic  with the  s a t e l l i t e  i n  an a r c  of a g r e a t  c i r c l e .  If t h e  l a t i t u d e s  
of t h e  two Observer Circles a r e  known, then t h e  l eng th  7 of t h i s  arc enables  
u s  t o  c a l c u l a t e  the  s p h e r i c a l  angle  between t h i s  arc and t h e  arc connecting 
t h e  s p i n  a x i s  w i t h  one of t h e  observer l i n e s .  This  s p h e r i c a l  angle ,  5 ,  i s  
shown i n  Figure 5. 

This  quan t i ty  i s  needed i n  order  t o  f i x  t h e  o r i e n t a t i o n  i n  

The two l i n e s  from t h e  observer t o  

From s p h e r i c a l  tr igonometry,  

COS e, - COS 7 COS e, 
L I C 0 8  5 = s i n  y s i n  el 
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Conductmc e/+ o oration 

We the re fo re  have f i v e  unknown q u a n t i t i e s ,  p, 81, el, e2, and f ,  and 

f i v e  inpu t  q u a n t i t i e s :  

( l oa ) ,  ( lob) ,  ( ~ O C ) ,  (lOd), and (11) is  thus  s u f f i c i e n t  t o  provide a s o l u t i o n .  
%1, %2, aZ1, a22, and y .  Our system of equat ions 

I-C. Equations 

To s implify t h e  appearance of o u r  equat ions,  l e t  us e l imina te  t h e  
trigonometric func t ions  by def in ing  

x1 

x2 

W 

Y 

Z 

- COS el - COS e2 - cos f 

B 
2 = cos 

= cos 61 

All = cos all 

1 2  A12 = COS 

21  

22 

Agl = cos a 

A22 = cos a 

G = COS 7 

O u r  i n i t i a l  equa t ions  ( l o a )  through (10d) and (11) become 

x12 (1 + z 2 )  t ( 2  y2 + z2 - 1) - 4 yzx, - 4- - . I .  

2 (1 - z ) (1 - x12) - 

x (1 + 22) t ( 2  y2 + z2 - 1) - 4 yzx2 
2 - 

A12 - (1 - 2 2 ) (1 - x22) 

x12 ( 1  + z 2 )  t ( 2  y2 + z2 - 1) + 4 yzx, 
I A. - 

2 (1 - z 2 )  (1 - x1 ) A21 - 

xo2 (1 + z 2 ) t ( 2  y 2 + z2 - 1) + 4 yzx, 
L c 

2 (1 - 2 ) (1 - x22) A22 = 

w =  x 2 - G x 1  

A-7 



The first f o u r  of t hese  equat ions must be solved as a s e t  t o  deter- 
mine xl, x2, y, and 2. The last equation (12e), however, may be solved 

r epa ra t e ly  for w a f t e r  xl and x2 have been obtained.  The four  equat ion 

r e t  (12a) through (12d) becomes e a s i e r  t o  work with if  we de f ine  t h e  new 

inpu t  q u a n t i t i e s  

c1 - i [A11 + A  21 1 

+ A  1 1 
c2 - P [A12 22 

With the8e d e f i n i t i o n s ,  we have 

(1 + 22) A,2 + (2  y2 + z2 - 1) 
L - 

c2  - (1 - z2) (1 - x22) 

- 4 y z x l  

(1 - z2) (1 - x12) Dl - 

- 4~ z x 2  - 
(1 - z2) (1 - X l )  

Equation (1h) can be reworked t o  g ive  
.I I 

c1 (1 - 22) + (1 - z2 - 2 y2) 2 

*1 = [ c1 (1 - z2) + (1 + z2) 1-  
while from equat ion (14c), we obta in  

D, (1 - z2) ( z2 + y2) 
A 

x1 = 2 yz [c, (1 - z2) + (1 + z2)1 
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Squaring equat ions (15) and (16), and s e t t i n g  them equal,  we have 

(1 - 22)2 (a2 + y2)2 D12 c1 (1 - z 2 ) + (1 - z 2 - 2 y2) = (17) 
4 y2z2 [cl (1 - z2) + (1 + z2)3 

S imi la r ly ,  from equations (14b) and (14d), we g e t  

D22 (1 - 2 ) 2  (2 + y2)2 c 2 ( 1 - 2 ) + ( 1 - z  2 2 - 2 y ) =  2 

4 Y Z  [c (1 - 22) + (1 + z2)1 
(18) 

Equations (17) and (18) a r e  now two equat ions i n  two unknowns; x1 aiid 
x2 have been el iminated.  

equat ion i n  z by t h e  following procedure. 

We may f u r t h e r  e l imina te  y t o  obtain a s i n g l e  

B1. Now equat ioqs (17) and (18) may be w r i t t e n  a s  2 2 Let  v = 1 - z = si2 

- v  2 v2 [l + y 
~ ~ c 1 v + v - 2 y ] [ c 1 v - v + 2 ] =  
Dl 

1 2 

4 y2 (1 - v)  

2 v2 [l + y - V I  
1 v + v - e y ]  [ c 2 v - v + 2 1 =  2 Ec2 

D2 
4 y2 (1 - v)  

Subt rac t ing  (19b)from (lga),  and so lv ing  f o r  y2, we obta in  

(C1 + 1) - D1 * (c2 + 111 v 2 2  [D2 (C1 - 1) - D12 ( C t  - l)] v + 2 ED, 
2 (20) 2 Y =  2 2 2 D; (c2  - l)] v + 2 [D2 - D1 I [D2 (C1 - 1) - 

To keep t h e  a lgebra  from g e t t i n g  completely out  of hand, we def ine  t h e  
fol lowing fou r  q u a n t i t i e s :  

2 2  2 2  a = D2 (C1 - 1) - D1 (C2 - 1) 

b = De (C1 + 1) - D t  (C2 + 1) 

2 2 c = D2 (C1 - 1) - D1 (C2 - 1) 

2 2 d = D2 - D1 
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Now equation (20)  becomes 

Af te r  s u b s t i t u t i n g  t h i s  va lue  of y 2 back i n t o  equat ion ( l g a ) ,  and 

doing a l a rge  amount of a l g e b r a i c  manipulation, we ob ta in  a q u a r t i c  

equat ion i n  v: 

(22)  AV 4 + B v  3 + C V  2 + D v + E = O  

where t h e  c o e f f i c i e n t s  A, B, C ,  D, and E a r e  pu re ly  func t ions  of t h e  inpu t  

parameters  - 
(23a 1 

(23b 1 

2 2  A = -2ac (C1 2 - 1) t 2a 2 (C1 - 1) + 1/4 [ a  (4c  - a )  - 4c 3 D1 

B E 2 [ a c  - 2ad - 2bcl ( C F  - 1) t 2a (4b-a) (C1 -1) 

- hac ( C 1 + l )  + 4a2 t [2c ( c  + b - 2d)  t a (2d - c - b ) ]  D1 2 

c 4 [ad t b ( c  - 2d) 3 (C;-l) + 8b (b-a) (C1 - 1) 
t 4 [ac  - 2bc - 2adl ( C ,  + I) + 4a (4b  - a )  

4 2 2  t [2d ( 4 c  - 2d - a + 2b) - c2 - 2bc - b 1 D1 

D P 8 bd (C: - 1) - 8b2 (C1 - 1) + 8 [ad  t bc - 2bd] (C1 t 1) 

t 16b ( b  - a )  t 4 [d (2d - c - b )  1 D: (23d 1 

( 23@) E - 16 bd (C1 + 1) - 16b2 - 4d 2 2  D1 

From the f o u r  input  q u a n t i t i e s  all, a12, a21, and a22, a program f o r  

t h e  IBM 1620 computer c a l c u l a t e s  these f i v e  c o e f f i c i e n t s .  A r o o t  f ind ing  

program for t h e  same computer t hen  o b t a i n s  t h e  p o s s i b l e  va lues  of v ( L e . ,  

s o l u t i o n s  of equat ion 22). There a r e  four  such so lu t ions ,  bu t  only va lues  

of v between zero  and one are al lowable,  from t h e  d e f i n i t i o n  of  V. 

va lue  ( o r  values)  s a t i s f y i n g  t h i s  cond i t ion  a r e  then  plugged back into 
equat ion  21  t o  ob ta in  a va lue  of  y. 

equat ion  (15) o r  (16)  t o  ob ta in  xl, and with t h e  analogous equat ion t o  

f i n d  x2. 

The 

These va lues  a r e  then  used with 
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From t h e  va lue  of  
ang le  @ and t h e  angular  

y and z we ob ta in  d i r e c t l y  t h e  antenna sp read  

d i s t ance  6 from t h e  sp in  axis  t o  t h e  beacon. 1 
From t h e  q u a n t i t i e s  x 
a x i s  i n  space. 

and x we may f i n d  t h e  o r i e n t a t i o n  of t h e  spin 1 2 

I -D.  O r i e n t a t i o n  

The c e l e s t i a l  coord ina te  system i s  def ined  r e l a t i v e  t o  t h e  e a r t h .  If 
we assume a l a r g e  s p h e r i c a l  sur face  t o  be cen te red  on t h e  e a r t h ,  s p a t i a l  

o r i e n t a t i o n s  may be designated a s  t h e  i n t e r s e c t i o n  on t h i s  sphere of t h e  

r a d i u s  vec to r  which i s  p a r a l l e l  t o  t h e  given d i r e c t i o n .  

a long t h e  e a r t h ' s  sp in  ax i s  o f  i ts  nor th  po le  i n t e r s e c t s  t h i s  sphere t o  

form t h e  c e l e s t i a l  nor th  pole,  and t h e  celest ia l  e q u a t o r i a l  p l ane  is  coin- 

c i d e n t  with t h e  e a r t h ' s  e q u a t o r i a l  p lane .  

t u d e  semi-circles and l a t i t u d e  c i rc les  drawn upon t h i s  sphere.  Then t h e  

r a d i u s  vec to r  from t h e  e a r t h  t o  t h e  s u n  a t  t h e  v e r n a l  equinox intersects 

t h e  sphere a t  t h e  p o i n t  o f  zero d e c l i n a t i o n  and ze ro  r i g h t  ascension.  

l a t i t u d e  c i r c l e s ,  l abe led  a s  on e a r t h  from ze ro  a t  t h e  equator  t o  90' a t  

t h e  pole ,  a r e  l o c i  of constant  d e c l i n a t i o n ;  convent iona l ly ,  nor th  dec l ina-  

t i o n s  a re  p o s i t i v e  and south d e c l i n a t i o n s  a r e  nega t ive .  The longi tude  

semi-c i rc les  a r e  l o c i  of cons tan t  r i g h t  ascens ion;  t h e  va lues  increase  from 

ze ro  t o  360' as  one progresses  eastward (counter-clockwise a s  viewed from 

t h e  nor th  p o l e )  from t h e  zero p o s i t i o n .  

The ex tens ion  

L e t  u s  imagine a set of longi -  

The 

The l o c a l  o b s e r v e r l s  coord ina te  system i s  def ined  by h i s  z e n i t h  and t h e  

l o c a l  north.  

e l eva t ion  and an ang le  of azimuth, 

from t h e  horizon,  wi th  90' e leva t ion  being d i r e c t l y  overhead. 

a r e  measured from t h e  l o c a l  north clockwise about t h e  z e n i t h  a s  an axis;  f o r  

example, d i r e c t l y ,  e a s t  i s  90 

P o s i t i o n s  a r e  given i n  t h i s  coord ina te  system a s  an  ang le  of 

Eleva t ion  i s  measured p o s i t i v e  upward 

Azimuth ang le s  

0 azimuth, south i s  180°, and west, 270'. 

Transformation from the obse rve r ' s  coord ina te  system i n t o  c e l e s t i a l  

coord ina te  system can be made by t ak ing  i n t o  account t h e  observer ' s  l ong i tude  

and l a t i t u d e ,  t h e  time of day, and t h e  time of year  of  t h e  observa t ion .  

A - 1 1  



These f a c t o r s  may be incorpora ted  i n t o  a t ransformat ion  matrix which 

m u l t i p l i e s  t h e  vec to r  r ep resen t ing  t h e  d i r e c t i o n  of  observa t ion .  

r e s u l t i n g  vector  r e p r e s e n t s  t h e  d i r e c t i o n  of observa t ion  i n  t h e  c e l e s t i a l  

coo rd ina te  system. 
vec to r s  i n  t h e  c e l e s t i a l  coord ina te  system, a common reference system f o r  

t h e  two observa t ions  i s  obtained.  The ang le  between t h e s e  two v e c t o r s  i s  

t h e  ang le  y of  equat ion (11). 

2 

The 

By t ransforming both observa t ion  d i r e c t i o n s  i n t o  

The q u a n t i t i e s  x1 and x a r e  t h e  cos ines  of t h e  ang le s  between t h e  

sp in  a x i s  of t h e  s a t e l l i t e  and t h e  f irst  and second observa t ion  vec tors ,  

r e spec t ive ly ,  

and ( a  7 + b 3 + c g ) ,  and t h e  sp in  axis as  ( S l i  + S 2 j  + S k )  i n  t h e  

c e l e s t i a l  coordinate  system ( su i t ab ly  def ined  f o r  Car t e s i an  coord ina te s ) ,  

then  

--;r 
If t h e  observa t ion  v e c t o r s  a r e  expressed as  (al? + blT + elk) 

3 3 3 

2 2 2 3 

+ b S  + c S  = X  alSl 1 2  1 3 1 

+ c s  a 2 S l  + b2S2 2 3 = x2 

+ 
and, since S i s  a u n i t  vec tor ,  

2 2 2  
1 2 3  

s + s  + s  = 1  

These t h r e e  equat ions  s u f f i c e  t o  so lve  f o r  t h e  t h r e e  unknowns S1, S2, and 

S which then d e f i n e  t h e  o r i e n t a t i o n  of  t h e  sp in  axis. 
3’ 
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I1 Resul t s  

The information taken f r o m  t h e  r eco rds  of beacon s i g n a l  s t r e n g t h  i s  t h e  

r a t i o  expressed by equat ion (1). 

peaks a r e  f a i r l y  i r r e g u l a r ,  so t h a t  t h e  proper  choice  of  t 

not  r e a d i l y  apparent .  

On t h e  a v a i l a b l e  beacon records ,  t h e  s i g n a l  

t2, and t i s  

The observat ions u s e d  i n  t h e  a n a l y s i s  were made from Malvern, England 

1' 3 

which has  the  coord ina tes :  

52'08~ 04.07" N, 

02'197 57.23" w. 

The times, d i r e c t i o n s  of t h e  s a t e l l i t e  from t h e  r ece iv ing  s t a t i o n ,  and t h e  

measured peak-to-peak angles  a r e ,  

Time Eleva t ion  Az imu t h  Beacon 1 Beacon 2 - Date - 
Jan  27, 1964 1808 26.65' 153.83: 153 2: 153 2; 
J an  28, 1964 1752 20.37' 33.95 146 8 140 e 0 

Thus we have, 

all = 153,2O, 

a = 1 4 6 . 8 O ,  12 
0 a21 = 153.2 , 

a22 = 140.0°. 

We note  t h a t  t h i s  causes  t h e  q u a n t i t y  D 

t h i s  quan t i ty  zero, t h e  a lgeb ra i c  manipulation of equat ions  (16) t o  (23)  no 

longer  app l i e s .  However, a f a i r l y  simple reworking of equat ion  ( 1 4 )  a l lows  

a so lu t ion  t o  be found a s  fol lows.  
t h a t  t h e  spin a x i s  was perpendicular  t o  t h e  f i r s t  l i n e  of observation. 

remaining equat ions,  (14a) ,  (14b) ,  and ( 1 4 d )  were solved f o r  x2, y, and z 

with t h e  following r e s u l t s  : 

( s e e  equat ion 13 )  t o  be zero.  With 1 

From (14c) ,  we have x1 = 0, i n d i c a t i n g  

The 
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x1 = 0.000, 

x2 = 0.660, 

y = 0.232, 

z = 0.031. 

From t h e  va lues  of y and z, t h e  antenna spread angle  is  determined, 

= 2 COS -1 ( . 2 3 2 )  = 153.2', 

and t h e  beacon antennas a r e  loca ted  a t  an angle ,  

6 = cos -1 ( .031)  = 88.2', 1 

0 from t h e  sp in  a x i s ,  o r  1.8 from t h e  sp in  equator .  
sp in  a x i s  and t h e  viewing d i r e c t i o n s  were found t o  be, 

The angles  between t h e  

0 e = 90.0 , 1 
0 

8 = 48.7 . 
2 

Equations (24a )  and (24b)  def ine  two c i r c l e s  i n  t h e  c e l e s t i a l  coord ina te  

system. 

d i r e c t  ions,  

These c i r c l e s  have two i n t e r s e c t i o n s ,  which t u r n  ou t  t o  be t h e  

and 

0 -1.0 decl ina t ion ,  329.2' r i g h t  ascension,  

81.3' decl ina t ion ,  23.6' r i g h t  ascension. 
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I11 Discussion 

Several  observers  have noted t h a t  occas iona l ly  t h e  r a d a r  e i g n a l  

r e f l e c t e d  o f f  t h e  ECHO I1 bal loon s a t e l l i t e  seems t o  become very smooth f o r  

a few seconds, then  r e t u r n s  t o  i t s  normal c h a r a c t e r .  A group of f i v e  such 

occas ions  have been r epor t ed  f o r  t h e  pe r iod  from 27 January t o  30 January 

1964. 
i n  t h e  c e l e s t i a l  coord ina te  system, it i s  noted t h a t  a l l  t h e  v e c t o r s  l i e  

q u i t e  c lose  t o  one another .  
be caused by t h e  r ada r  looking up t h e  sp in  axis  of t h e  s a t e l l i t e .  

occurs ,  then f o r  a s h o r t  per iod  t h e  p o r t i o n  of  t h e  s a t e l l i t e  se rv ing  as a 

r e f l e c t o r  does not  change. 

was somewhere i n  a r e g i o n  centered  about a d e c l i n a t i o n  of  45' and a r i g h t  

ascens ion  of 325' during t h e  per iod  27-30 January,  

When t h e  d i r e c t i o n  of  view of t h e  r a d a r  f o r  each occasion is p l o t t e d  

The smoothing ou t  of t h e  s i g n a l  i s  assumed t o  

Lf t h i s  

I f  t h i s  explana t ion  i s  t r u e ,  t hen  t h e  s p i n  axis  

A r a t h e r  i n t e r e s t i n g  e f f e c t  was noted i n  t h e  Malvern record ing  of  t h e  
beacon data  f o r  January 25, 1964. A t  about 2051 hours  on t h a t  da te ,  t h e  

beacon s i g n a l  ( i n  t h e  one channel  producing a readable  s i g n a l  a t  t h a t  time) 

depar ted  from i t s  c h a r a c t e r i s t i c  two-humped 

t h r e e  consecut ive humps, followed by a r e t u r n  t o  t h e  two-humped regime. 

The f i r s t  and second humps ( o f  t h e  t h r e e )  appear  t o  be i n  proper  progress ion  

wi th  t h e  p a i r s  of humps preceding them, whi le  t h e  second and t h i r d  humps a r e  

i n  t h e  proper  pa i r ed  r e l a t i o n s h i p  f o r  t h e  p a i r s  fol lowing them. Thus t h i s  
three-peaked reg ion  appears  t o  be t h e  i n t e r s e c t i o n  of  two d i s t i n c t  sets of  

d a t a ,  
t h a t  i n s t a n t ,  po in ted  approximately a t  t h e  r ece iv ing  s t a t i o n .  The fact  t h a t  

t h e  same s t a t i o n  shows a smoothing ou t  of  t h e  r a d a r  r e t u r n  a t  t h a t  same time 

provides  f u r t h e r  v e r i f i c a t i o n  of  t h i s  explana t ion .  

s a t e l l i t e  from Malvern a t  t h i s  time was 49.80' dec l ina t ion ,  and 3190870 
r i g h t  ascension. 

appearance t o  produce, i n s t ead ,  

The b e s t  explana t ion  f o r  t h i s  occurrence i s  t h a t  t h e  sp in  axis, a t  

The d i r e c t i o n  of t h e  

Figure 6 i s  a p l o t  i n  c e l e s t i a l  coo rd ina te s  of t h e  p a t h s  followed by 

ECHO I1 a s  seen from Malvern f o r  t h e  two passes  used as  input  da t a  i n  t h e  
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c a l c u l a t i o n s .  Also ind ica ted  a r e  t h e  viewing v e c t o r s  f o r  s ix  times when 

t h e  r a d a r  da t a  smoothed out,  and t h e  two s p i n  axis  o r i e n t a t i o n s  ca l cu la -  

t e d  i n  Sec t ion  11. P o i n t  3 
i s  t h e  d i r e c t i o n  o f  view from Malvern on January  25, d i scussed  above. 

P o i n t s  4, 5, 6, and 7 a r e  from r a d a r  r e t u r n s  from t h e  P r ince  Alber t ,  
Canada, s t a t i o n  on January 27, 28, and 30 (two p o i n t s ) .  

A i r  Force i n d i c a t i o n  from l a t e  March. 

Po in t s  l a n d  2 are  t h e  c a l c u l a t e d  p o r t i o n s .  

Po in t  8 is an 

It should not be t o o  su rp r i s ing  t h a t  t h e  points c a l c u l a t e d  i n  Sec t ion  

I1 f a i l  t o  ag ree  c l o s e l y  w i t h  t h e  r a d a r  i n d i c a t i o n s  of t h e  s p i n  axis 

o r i e n t a t i o n .  The beacon s i g n a l  r eco rds  were such t h a t  it was d i f f i c u l t  

t o  estimate t h e  times tl, 

each second i s  3.6 
between 4' and 7' i n  t h e  a's a r e  no t  un l ike ly .  

t h e s e  ang le s  a r e  only 7' t o  14O, t h e  r e s u l t i n g  answers can only  b e a p p r o x i -  

mate. 
g iv ing  a 
160'. 
p o i n t  a t  about 42' dec l ina t ion  and 327' r i g h t  ascension, which i s  q u i t e  
c l o s e  t o  t h e  o t h e r  p o i n t s .  

and t c l o s e r  t h a n  one o r  two seconds. B u t  
t27 3 0 r o t a t i o n  about t h e  s p i n  a x i s ,  so  t h a t  e r r o r s  of 

S ince  t h e  d i f f e r e n c e s  i n  

For example, it would not  be d i f f i c u l t  t o  i n t e r p r e t  t h e  r e c o r d s  a s  
- - a22, wi th  t h e  va lue  somewhere between 140' and 

11 = 5 2  = a 2 1  
I n  t h i s  case ,  t h e  o r i e n t a t i o n  c a l c u l a t i o n  would have shown a 

The antenna parameters,  6 and p, appear t o  be f a i r l y  i n s e n s i t i v e  t o  1 
e r r o r s  i n  t h e  va lues  o f  t h e  a ' s .  
c e r t a i n l y  p = 150' - + loo, and very  l i k e l y  p = 152' + - 
z seem aLways t o  be q u i t e  c lose  t o  zero,  so  t h a t  we may reasonably a s sume  

t h e  beacon t o  l i e  wi th in  5' o f  t h e  s p i n  equator .  

c o n d i t i o n  which causes  t roub le  i n  t h e  c a l c u l a t i o n  of t h e  o r i e n t a t i o n  of 

t h e  s p i n  a x i s ,  e s p e c i a l l y  i f  t h e  viewing v e c t o r s  themselves come c l o s e  t o  

t h e  s p i n  equator  of t h e  s a t e l l i t e .  

The antenna spread ang le  p i s  almost 

5'. The va lues  of 

It i s  t h i s  l a t te r  
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FOOTNOTES 

1. A ca lcu la t ion  (Reference 1) performed a t  Conductron has  found 

t h a t  even i f  t h e  su r face  of t h e  bal loon i s  warped, s o  t h a t  t h e  

antenna does n o t  po in t  r a d i a l l y  away from t h e  cen te r  of t h e  
s a t e l l i t e ,  t h e  antenna p a t t e r n  w i l l  s t i l l  be c y l i n d r i c a l l y  

symmetrical about t h i s  r a d i a l  l i n e ,  bu t  with l e s s  of a n u l l  

on or near  t h e  r a d i a l  d i r e c t i o n .  

2. For s impl i c i ty ,  t h e  e f f e c t s  of t h e  motion ac ross  t h e  sky of 

t h e  s a t e l l i t e  have been neglec ted .  This motion is  n o t  l a r g e  

during t h e  i n t e r v a l  of a s i n g l e  sp in  pe r iod .  The e f f e c t s  of 

motion i n  t h e  plane perpendicular  t o  t h e  sp in  a x i s  should be 

only'second order ,  s i n c e  t h i s  motion w i l l ,  t o  f irst  order ,  in -  

c rease  or decrease both t h e  q u a n t i t i e s  t2 - tl, and t - tl by 3 
t h e  same f a c t o r ,  which cance ls  out of equat ion (1). Motion i n  

t h e  d i r e c t i o n  of t h e  s p i n  a x i s  causes  t h e  Observer C i r c l e  t o  
become a s p i r a l .  

near ly  cons tan t  over s e v e r a l  per iods  of r evo lu t ion ,  we may 

conclude d i s t ance  between ad jacen t  terms of t h i s  s p i r a l  i s  small, 

and it i s  a good approximation t o  a c i r c l e  f o r  any one per iod .  

Such a condi t ion  appears  t o  hold f o r  t h e  observa t ions  which 

a r e  used i n  t h i s  c a l c u l a t i o n .  

If t h e  r a t i o  of' equat ion (1)  remains f a i r l y  
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B .  1 Int roduct ion  

The r ada r  da ta  co l l ec t ed  thus f a r  on t h e  ECHO I1 s a t e l l i t e  e x h i b i t s  deep 

fad ing  i n  s i g n a l  l e v e l  during an o r b i t a l  pass. 
fading,  some observers  have speculated t h a t  a l a r g e  ho le  was punched i n  t h e  s u r -  

face of  t h e  bal loon during t h e  e j ec t ion  sequence. 

In  an  e f f o r t  t o  expla in  t h i s  

I n  a rder  t o  eva lua te  t h i s  hypothesis,  Conductron Corporation i n i t i a t e d  a 
t h e o r e t i c a l  a n a l y s i s  of t h e  e f f e c t  of a puncture on t h e  radar c ros s  sec t ion  of  

ECHO 11. The resu l t s  of t h i s  study are  presented i n  t h i s  Appendix. 

resu l t s  i n d i c a t e  t h a t  it i s  unl ikely t h a t  t h e  presence of a puncture would per- 
t u r b  t h e  r ada r  r e t u r n  enough t o  account f o r  t h e  observed fad ing .  

These 

B . 2  S c a t t e r i n g  From A Conducting Sphe r i ca l  S h e l l  With A C i rcu la r  Hole 

The purpose of t h i s  discussion i s  t o  g ive  an approximate method of s o l u t i o n  

t o  t h e  problem of t h e  s c a t t e r i n g  of e lectromagnet ic  waves from a sphere with a 
c i r c u l a r  ho le .  
t h e  ho le  sepa ra t e ly ,  and t o  add t h e i r  con t r ibu t ions  t o  t h e  s c a t t e r e d  f i e l d  i n  

phase. 

t h e  hole  be l a r g e  compared with the  wavelength of t h e  i l l umina t ing  r a d i a t i o n ,  i . e . ,  

The essence of t h e  method is t o  t r e a t  t h e  sphere and t h e  r i m  of 

For t h i s  procedure t o  be va l id ,  we must  r e q u i r e  t h a t  both t h e  sphere and 

ka >> 1, ka' >> 1, 

where a is t h e  r a d i u s  of t h e  sphere, a '  is  t h e  r a d i u s  of  t h e  r i m  of t h e  hole  and 

k = &/X. 

I n  what fol lows,  t h e  case  of a puncture i n  one s i d e  of t h e  sphere is  worked 

Other cases  involving mul t ip le  holes  can be t r e a t e d  by combining ou t  i n  d e t a i l .  
t h e  component r e t u r n s  der ived below with t h e  proper phase. 

B.2.1 Nose-On Backscat ter ing 

I n  t h i s  case,  t h e  inc iden t  r a d i a t i o n  i s  perpendicular  t o  t h e  plane de te r -  

mined by t h e  r i m  of t h e  hole  (See F igure  B-1). 



A 

F i g t i r e  B-1 

Balloon Cross S e c t i o n  Showing Incidence Alurig Axis of Hole 

The sphere w i l l  con t r ibu te  t o  t h e  s c a t t e r e d  f i e l d  pr imar i ly  by t h e  specular  

r e f l e c t i o n  from t h e  back of t h e  sphere opposi te  t h e  mouth of t h e  hole .  

The specular  re turn  can be obtained from phys ica l  o p t i c s  and i n  t h e  f a r  

zone (Reference 1) is,  

where, i n  t h e  usua l  case,  t h e  o r i g i n  i s  taken a t  the cen te r  of t h e  sphere .  

nega t ive  s ign  r e s u l t s  from t h e  s h i f t  i n  phase t h a t  t h e  e l e c t r i c  vec tor  undergoes 
upon a r e f l e c t i o n  f rom a m e t a l l i c  boundary. 

The 

The main p a r t  of t h i s  d i scuss ion  w i l l  c o n s i s t  of a de r iva t ion  of t h e  f i e l d  
d i f f r a c t e d  by t h e  rim of t h e  ho le .  The con t r ibu t ion  from t h e  r i m  i s  obtained 

from t h e  Sommerfeld so lu t ion  of t h e  d i f f r a c t i o n  of e lec t romagnet ic  waves from 

a h a l f  plane (See Appendix C ) ,  by consider ing each element of t h e  r i m  a s  a 
small element of ha l f  plane,  computing the  f i e l d  d i f f r a c t e d  by t h i s  element, 

and then adding up a l l  such con t r ibu t ions .  

In  t h e  case  of backsca t te r ing ,  t h e  h a l f  plane answer given by Sommerfeld is ,  

E 2  
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i ( k r  + n/4) -> 

II 2Jz-G I1 

.. p 

(1 - l /cos CY) E*"' , diffracted - e E - (3) 
,-9. 

where E::' is the component of the incident E vector which is  para l le l  t o  the 
edge; and, 

-+ i ( k r  + n/4) " *. 
(1 + l/cos a) H i n c  , e - 

2 J G - Z  
(4) 

3 

where HFc is the component of the incident H vector which i s  para l le l  t o  the 
edge. The angle between the  edge and the  direction of propagation is a and r 
is the distance from the edge. (Figure B-2) 

Figure B-2 

Edge Geometry 

The eih/ dependence shows these f i e l d s  a re  those of an in f in i t e  l i n e  
source. 
element of half plane. 
a point source, 

This f ac t  is  helpful i n  evaluating the  contribution from a d i f fe ren t ia l  
We reca l l  t h a t  a l i n e  source is obtained by integrating 

ikR - e 
R r , where R = JX2 + y2 + 2 ' =  J T 3  , 

over a l i n e  of i n f in i t e  length. 
phase formula 

Assuming k is  large w e  may u s e  the stationary 

s g ( x )  eikf(x) dx - dXo) JT-' ,ikf (xo) 
kf"(xo) - 9 

J3-3 



where 

ikR J C  dz dL e f f  tu 

f'(xo) = 0 , 
f"(xo) # 0 , 

ik r  
d L y  e 

and eva lua te  t h e  i n t e g r a l  of a po in t  source over an i n f i n i t e  l i n e ,  i .e . ,  

Thus, we obtain t h e  Sommer.feld answer by i n t e g r a t i n g  a c e r t a i n  d i s t r i b u t i o n  of 

a poin t  source,  
ikR 

C -  I R 
e 

where C i s  a constant  over t h e  edge of t h e  h a l f  plane.  This  y i e l d s ,  

I C , %  ikR dz Y C -  4z e i ( k r  + r(/4) 

& 

I n  t h e  parallel  E po la r i za t ion  case,  

(1 - l/cos a) p = x  c = cu  

and i n  t h e  orthogonal case, 

C = C 1  = x  (1 + l / cos  a) . ( 7 )  

CUI t h e  o ther  hand, an i n f i n i t e s i m a l  l i n e  source corresponds t o  i n t e g r a t i n g  

a po in t  source over a d i f f e r e n t i a l  l ength  dL; s i n c e  dL is  emall t h i s  g ives  j u s t  
t h e  length  of t h e  i n t e r v a l  dL mul t ip l ied  by t h e  integrand evaluated some- 
where i n  t h e  range of i n t eg ra t ion ,  which we may t ake  t o  be an end poin t .  
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Thus, we see tha t  the f i e ld  diffracted from a d i f fe ren t ia l  element of half-space 
is of the form, 

- -  dL eik (1 2 l/cos a) . 4 x r  

Let us s e t  up a polar coordinate system i n  the plane determined by the r i m  a s  
shown i n  Figure B-3. 

Y 

In t h i s  figure, 

+ + ? 

X Y 

is a unit  vector tangent t o  the r i m  of the hole a t  the angle $ and, 

p = 1 s i n @ - 1  c o s $  , 

3 cos p -7 s in  p 
X Y 

is a unit  vector perpendicular t o  the r i m .  

The element of length of t h e  rim a r  d$ gives r i s e  t o  a diffracted f i e ld  
dE(p) which is  contained i n  the plane perpendicular t o  the propagation 
vector k, tha t  is  the plane determined by the r i m .  

4 
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How much of  each type  of d i f f rac ted  f i e l d  is presen t  depends on t h e  

p o l a r i z a t i o n  o f  the i n c i d e n t  r a d i a t i o n  and on t h e  cons t an t s  C and c . 
II I -*. - 

The components ofTinc andffinc which are parallel t o  p are, 

and 

-. 
We def ine  Et"' t o  be t h e  component of t h e  i n c i d e n t  electric f i e l d  which 

corresponds to$nc and de f ines  E t o  be t h e  component of t h e  d i f f r a c t e d  
II L 

e l e c t r i c  f i e l d  corresponding to?diff. Since,  II 

and 
2 d i f f  T d i f f  = T). k, 

it fo l lows  t h a t ,  

and, i n  p a r t i c u l a r ,  

and, 

Now, 

where, 

. 

I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

and, 

Hence, 

-.* "diff + 
3 

Ediff = -k x HI, t -k 
1 

dL 

+ + +  -e $inc x?) p (k x e)  dL r 

Substituting for  

dL, i t s  equivalent a' 
i k r  Ediff a l e  

*lhrr 

Cq and C the i r  values given i n  (6) and (7) and f o r  
L 

de, we &let, 

(22) 

4 3 
Far the nose-on case, k = iz, and, without 108s of generality we may 

take%' = 2x. In t h i s  case, a is constant and i s  equal t o  ~ / 2  + y .  

Substituting for? andTf rom (9) and (lo), Equation (22) can easily be 
evaluated giving, 

ikr + a a t e  i, ikr + 
(23) 

a l e  
2r coo 01 m y  Einc Edi* I 

Then, adding t o  t h i r  rerult the rpcular return from the back of the rphere, 
the  t o t a l  rcattered f i e l d  nore-on io ,  

where 8, the  difference i n  phare between the  rpecular point and the rim of 
the  hole, i r  determined from the formula, 



4 4  
6 = k * D  , 

D being t h e  d i s t ance  between t h e  con t r ibu to r s .  
+ 

Since t h e  propagation vec tor  k i s  i n  t h e  z d i r e c t i o n ,  a glance a t  
F igure  A-1 shows, 

6 = k (a  + a cos 7) . 
F i n a l l y  using a! = a s i n  y,  we f i n d  f o r  t h e  scattered f i e l d ,  

2ika (1 + cos 7) 3 n c  Z s  %. 2 eikril + e -! 2r 
L J 

and thus ,  t h e  nose-on r ada r  OTOSS s e c t i o n  is, 

u = 2 x  a 2 '  1 + cos 2 ka (1 + cos 7) 
i J 

I 
I 
I 
I 
I 
I 
I 
I 
I From t h i s  expression it i s  evident  t h a t  ( f o r  -- a x i a l  inc idence)  phase 

i n t e r f e r e n c e  can occur, g iv ing  r i s e  t o  fad ing .  

t h i s  fad ing  
and t o  t h e  r e l a t i v e  d i s t ances  between con t r ibu to r s .  

The presence (or  absence) of 
i s  q u i t e  s e n s i t i v e  t o  t h e  frequency of t h e  i l l umina t ing  r ada r ,  

If, f o r  example, we consider  a sphere r ad ius  a = TO' ,  a hole  r a d i u s  
a t  = lo', and an L band frequency (say 1300 mc). 
t h e  order  of 560 and kat i e  of t h e  order  of 80. 
go in and out  of phase very r ap id ly .  

per iod of  time, we w i l l  eee  that t h e  bal loon must r e t a i n  a n  a spec t  s t a b i l i t y  
such t h a t  2 k a t  s i n  8 << , o r  8 << 

We see t h a t  kat  is  of 

Thus t h e  two con t r ibu t ions  

For fad ing  t o  occur over an extended 

, and t h a t  t h e  r e l a t i v e  d i s t ances  3 
s t a y  cons tan t  t o  a prec i s ion  of  l e s s  than  a $ wave length ,  i . e . ,  2". 

For higher  f requencies  t h e  ang le  ie smaller and t h e  p rec i s ion  requifement 
on t h e  r e l a t i v e  distances i e  even f i n e r .  

B.2.2 Off-Noee-On Backacattering 

A8 before,  the  f i e ld  is  obtained by i n t e g r a t i n g  t h e  con t r ibu t ions ,  

B-8 
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and + - P  

i k  R 
c e  
L R  

Y 

Figure €3-4 
Gcorncatry for  Off-Axis lncidence 

4 
Now, however, the wave vector k is not perpendicular t o  the plane defined by the 
r i m ,  and several a l terat ions i n  o w  method a re  necessary. 

A .  The contributors from the a rc  elements a '  dg w i l l  not add i n  phase. 
* + 4  4 

L e t  R = r + p ,  where r i s  the distance t o  the receiver from the center of 
-+ the  hole c; i s  para l le l  to%) and p i s  the distance from the center of the hole 

t o  the  r i m ,  
+ -+ S 

p = a '  cos p i + a '  s i n  p i . 
X Y 

*- 
L e t  the  x-axis be determined by the projection of k on the  plane defined by 

the  r i m ,  and measure the  angle p from the  x-axis. 

k, makes an angle 

The propagation vector, 
4 

w i t h  the perpendicular t o  the  plane of the r i m ,  

4 3 3 
k = (i s i n  8 + i cos e )  k . 

X Z 

---r 
The incident radiation i s  i n  the direction -k. Thus, 

- 4  4 4  

i k - R  e i k r  eik . p e ikr il; 
- 

I v -  e - - 
R r R , 
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i n  t h e  fa r  f i e l d ,  where, 

B. The angle  a, which appears  i n  C and C i s  now a func t ion  of p, 
II 1. 

(See Figure B-1) and, 

(27 )  
A: * 

 COS^ = k * T  , 
where? is  a unit vec tor  i n  t h e  tangent  plane t o  t h e  sphere,  perpendicular  

t o  t h e  r i m ,  

(28) 
--* 3 ? = cos 7 cos p ix + cos 7 s i n  p? - s i n  7 iz , Y 

y i e ld ing ,  

cos a = cos e cos 7 cos p - cos e s i n  7 (29)  

C. The backscat tered d i f f r a c t e d  f i e l d  vec to r s  must be contained i n  a 
-b 

plane perpendicular t o  t h e  propagation vec tor  k .  As before,  f o r  each element 

of t h e  r i m ,  t h e  -Ediff f i e l d  w i l l  c o n s i s t  of two components, one a r i s i n g  from 

*inc 9 

Ei,rc and one from H,,, . These q u a n t i t i e s  a re  as de-fined i n  Equations (11) 
n 

and (U), and, i n  f a c t ,  all t h e  r e l a t i o n s  (13) - (18) hold i n  both nose-on 
and off-nose-on a s  c a s e s @  Equation (lg), however, y i e l d s  an 4diff E,, 
i n  t h e  plane of t he  hole,  and i n  t h e  off-nose-on case, s i n c e  t h i s  plane i s  

n o t  perpendicular  to%, we t a k e  t h e  p ro jec t ion  of t h i s  component on such a 

which i s  

*diff 3 3  
plane ;  (The E component is  i n  t h e  k x p d i r e c t i o n  i n  e i t h e r  case ;  see 
Equation (20) ) 

4 
We define#o, t h e  p ro jec t ion  o f 3  on t h e  plane perpendicular  t o  k, 

an follower 

I 
I 
I 
I 
I 
1 
I 
I 

I 
1 
I 

Then, r ep lac ing  (19) by 
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Conductmn Co~opat~on 

we can write again, 
Td i f f  - - $ d i f f  + +Ediff 

LI L 
d i f  f 

fo l lows  closely the one for  Equation (22) i n  the nose-on case, and yields,  

- 
With these modifications, the derivation of the expression for  E 

2n 

0 

- 5 -  
x-2k) # - $  (k x g) dg . 1 3 

(Einc - (1+- cos a 

Some s l igh t  manipulation yields the further simplification, 
2x 

7 

x?) *To $ x T o )  dg , (33) 1 
cos a (Einc - (1+- 

which is  Equation (22) w i t h 3  replaced by Po. 
Thls integral  is d i f f i cu l t  t o  evaluate exactly. 
i e  short, and i n  particular k a t  >> 1, we ex pect the major contributions w i l l  
come f r o m  the placer where the phare i s  r tationary.  

However, since the wavelength 

Since, 

4 4  k * p I k a t  s in  8 cos p , 
3 -  (k p) -ka s in  8 s in  p , 

there  w i l l  be two rtationary phare pointr, one a t  p - 0, the other a t  p = x .  

Thur, evaluating ?t 3, and, 

B.11 



a t  each of t h e s e  points ,  we can approximate t h e  i n t e g r a l  by, 

ika '  s i n  e * 
e G (0) 

2xi  
"F - s i n  8 

(34) 

[-ika s i n  e s i n  y + i11/4] 

1 

+ e  G ( d  1 > 

where 
-d 

)(-E.inC p) p -  (1+- 1 ) ( 2 n c  x L) B(k x2b). 
- 7 -  -P 

G(p) = (1 - - 
(33) 

COB a! cos (2 

- ? ,  -, .--5 
cos a! = s i n  ( 6  - y ) ,  and a t  p = II, p = i A t  p = 0, p = -1 

= - s i n  ( e  + y ) .  

and t h e  i n c i d e n t  e l e c t r i c  f i e l d ,  by wo, we may write, 

cos  a 
Y' Y' 

Further,  i f  we des igna te  t h e  angle  between t h e  y-axis  
4 

-.. -P .. 1 

= s i n  oo cos e ix + cos o i - s i n  w s i n  e i' . 
O Y  0 z 

Then, 
. 'i . -> 1 

G ( 0 )  = (1 - 'm O Y  s i n  8 
-* 

) cos w i - (1 + ,=) s i n  uo(cos e ix-s in  e i z ) ,  1 -c 

and, 
-? 

s i n  w (cos e ix-s in  e -Zz).  1 -c -., 
G(x) = (1 +,+ s i n  0 + 7 =os O Y  i - (1 - ,sin(e+r)) 

0 

Balloon Cross Sect ion Showing Off-Axis I n c i d e n c e  
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When 8 > 7, there w i l l  be a specular reflection from the  sphere a t  the point 
3 whose radius vector is para l le l  t o  k. This radius vector makes an angle e 

w i t h  the z-axis. Reference t o  Figure B-5 shows tha t  the projection on the 
propagation vector of the distance AB from the specular point t o  the center 
of the  r i m  is, 

BD = OB - OD = a - OA cos e 

= a - OC cos 7 cos e 
= a (1 - cos 7 cos e) . 

Thus, for  8 > 7, the f i e ld  scattered from both the hole and the sphere is, 

-a Es = - 
2 r e  

ikr ,i2ka ( 1  - cos y cos e)  3 3 i f f  + 
Einc + E r i m  

If 9 < 7, no specular return from the outside of the sphere is  possible. 
However, there w i l l  be a specular return from the point on the back of the 

sphere whose normal makes an angle 8 with the z1 axis.  The projection of 

the propagation vector of the distance between the center of the hole and 
the specular point is, 

a (1 + cos 7 cos e) , 
so t ha t  the f i e ld  i n  t h i s  case is, 

-v 
-a ikr ,i2a (1 + cos 7 cos e)  * d i f f  

Einc + E r i m  3 = z e  

Written out i n  f u l l  detai l ,  the components of the scattered f ie ld  are, 

-e ikr It a ,i2ka (1 - + cos 7 cos e) s i n  oo cos e {T ‘1 Eincl E: = - r 

-a  p k a  (1 2 cos 7 COB e) 
+ 

i k r  
E’ - e 
Y r 

B.13 



’ 
-ika s i n  7 s i n  e + i3(/4 

) e  
1 

+ + s i n  (7 + e )  

and 

i2ka (1 2 cos 7 cos e)  i k r  3 e s i n  oo s i n  e ( ;  e = 7 Eincl 

ika s i n  7 s i n  e - i n /4  
> e  +4a  d s i n  (7 - e j  

1 j- [(1 + 1 

-ika s i n  7 s i n  e + i 3 / 4  7 
) e  Ii ’ 

1 
+ - s i n  (7 + e l  

wliere t h e  - s i g n  a p p l i e s  f o r  8 > y and t h e  + s i g n  a p p l i e s  f o r  8 < 7. 

We no te  t h a t  each of t h e s e  expressions con ta ins  a term independent of 
frequency, and a term propor t iona l  t o ,  &- . A t  r ada r  f requencies  t h e  former 

term w i l l  dominate. 

as a r e s u l t  we f i n d  t h a t  a smooth c i r c u l a r  ho le  would g ive  r i se  t o  no 

fad ing  except  a t  ax i a l  incidence.  

Hence, no phase i n t e r f e r e n c e  would occur o f f  a x i s ,  and 

B.3 Sca t t e r ing  from a Conducting Spher ica l  S h e l l  with a Jagged Hole 

The above coneidera t ions  d e a l  wi th  t h e  r a d a r  r e t u r n  from a p e r f e c t l y  

c i r c u l a r  ho le  in  a ephere.  

would undoubtedly have a somewhat jagged per iphery,  and it is  of i n t e r e s t  t o  
determine how t h i s  jaggedness might modify t h e  r e t u r n .  

In  r ea l  l i f e ,  a puncture  i n  t h e  ECHO I1 bal loon 

I n  t h e  mater ia l  presented below, a jagged hole  i s  s tud ied  using (1) a 
The half-plane model has  somewhat half-plane model, and (2) a wire model. 

higher  f i d e l i t y ,  while  t h e  wire model is  much e a s i e r  f o r  computational 

purposes.  
t h e  behavior of t h e  c ros s  polar ized  component. 
a t  and near  a x i a l  incidence.  

The main shortcoming of t h e  wire model i s  i t s  f a i l u r e  t o  p r e d i c t  

This  i s  t h e  - minor component 

B .3.1 Half-Plane Model 

We now consider t h e  caee where t h e  rim of  t h e  hole  i s  jagged, t h a t  is, 

It i e  requi red  t h a t  t h e  segments which compose t h e  rim j o i n  
comprired of a number of l i n e  segments of d i f f e r e n t  l eng ths  and d i f f e r e n t  

o r i e n t a t i o n r ,  
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cont inuously,  although t h e  tangent  t o  t h e  r i m  may be discont inuous.  

w r i t e  down an  expression for t h e  d i f f r ac t ed  f i e l d  which is a s l i g h t  gene ra l i -  

za t ion  of Equation (33),  

We may 

where p is a parameter spec i fy ing  t h e  p o s i t i o n  on t h e  r i m .  In  view of  our 
model f o r  t h e  r i m  we see  t h a t  t h e r e  i s  a phys ica l  o p t i c s  type con t r ibu t ion  

from t h e  p laces  where t h e  segments j o i n  toge the r ,  and so we have, 

n = l  

where t h e  sum goes over t h e  N l i n e  segments, wi th  B, being t h e  p ro jec t ion  of 

t h e  tangent  vec tor  of t h e  n t h  segment on t h e  plane perpendicular  t o  k. -6 (p) 
is  a vec tor  from t h e  o r i g i n  t o  t he  po in t  on t h e  r i m  spec i f i ed  by t h e  va lue  of 
t h e  parameter p. 

4 

The curve spec i fy ing  t h e  r i m  is  comprised of a number of s t r a i g h t  l i n e  
segments, which i n  genera l  w i l l  not l i e  i n  a plane,  and hence, s c a t t e r i n g  w i l l  
occur as from an  a r r a y  of  randomly o r i en ted  l i n e  segments. We may p lace  an 

upper bound on t h e  magnitude of  such s c a t t e r i n g  as fol lows.  The major con t r i -  

but ion t o  t h e  sum w i l l  be from the  l i n e  segments from which specular  r e t u r n  

is poss ib le ,  t h a t  is, those  segments i n  t h e  sum where t h e  phase is s t a t iona ry .*  

For t h e  case of backscat ter ing,  t h e  specular  segments w i l l  be those  whose 

edges l i e  i n  a plane perpendicular t o  t h e  wave vector-<. Since t h e  problem i s  t o  

determine how l a r g e  a s c a t t e r e d  f i e l d  t h e  rim can produce, we may consider  t h e  case 
where t h e  e n t i r e  rim l ies  i n  a plane perpendicular-to k. I n  t h i s  case,  t h e  l i n e  

3 

A gene ra l i za t ion  of t h e  s t a t iona ry  phase technique f o r  approximating t h e  sum 
is no t  ponsible ,  s i n c e  t h e  second and a l l  higher  d e r i v a t i v e s  of t h e  phase 
with r e s p e c t  t o  t h e  parameter p vanish.  



segments s ca t t e r  i n  phase. 

p i n t e g r a t i o n  and write t h e  d i f f r a c t e d  ; f i e l d  as, 

Since f o r  t h e  specu la r  case eik*P= 1, we may perform t h e  

.( 

N 

= the  length  of t h e  n t h  segment s o  t h a t  

perimeter of t h e  hole .  

'n 

We may now e a s i l y  bound t h e  magnitude of t h i s  f i e l d :  

N l* I 

n=l  

We have t a c i t l y  assumed t h e  angle  a which t h e  i n c i d e n t  r a d i a t i o n  makes with 
t h e  tangent  plane of t h e  r i m  i s  cons t an t ;  t h a t  is,we have rep laced  cos a by 

an average value,  which we may t ake  t o  be equal  t o  t h e  cos cx = s i n  6 of t h e  
c i r c u l a r  ho le  of Pa r t s  B.2 and B.3. 

We found that  t h e  f i e l d  d i f f r a c t e d  from t h e  r i m  of a c i r c u l a r  ho le  f o r  

nose-on inc idence  is  (Equation 23), 
3 i k r  3 

Edif f  b Einc . 
For purpose8 of comparieon, we may write t h e  magnitude of t h i s  f i e l d  

as (e ince  L - 2na'), 

+ L 'inc 
E d i f f  * 



Thus, we see tha t  the f i e ld  diffracted by a jagged r i m  can be no greater 
than the f ie ld  diffracted by an equivalent circular r i m  of perimeter 2L 

(radius a = L/x). 

In general, only some o f  the l ine segments w i l l  l i e  in  a plane of 
However, these may be expected t o  dominate the return. constant phase. 

The f ie ld  scattered from these specular segments is, 
N' 

1 -. 1 
cos a 

ikr e ._-> 

- ( (1 - -) An pn - (1 + - cos a> Bn'-k A zn ' e n  
E d i f f  - /- '.. n=l  

The mgnitude of t h i s  f i e ld  may be estimated j u s t  a s  before with the 
resu l t  t ha t  the perimeter L i s  replaced by L' ,  the sum of the lengths of 
t h e  dominant scatterers.  

I t  i s  instructive t o  write out the expl ic i t  form of the f ie ld  scattered 
from one such dominant scat terer .  

-3 
= cos e -; + s in  e (PA p) , Einc Let 

Figure B-6 

E~~~~ - - 4Jrr l e  

ikr 
(1 - -1 1 COS e 6 - (1 + -1 s in  e 6 A.;)} . cos a 

- >  

cos a 



Such a segment gives r i s e  t o  a c ros s  sec t ion ,  

When we average over po la r i za t ions ,  we obtain,  

f l = -  s" a ( e )  de - 
2x 

0 

Often, an  e f f e c t i v e  c r o s s  s e c t i o n  i s  def ined f o r  which t h e  component of 
t h e  d i f f r a c t e d  f i e l d  co l inea r  with t h e  antenna p o l a r i z a t i o n  is  favored. 

our case,  t h e  e f f e c t i v e  c ros s  s e c t i o n  is, 
In  

B.3.2 Average Over Edge Segment Or ien ta t ion  

We m y  compute an average dominant f i e l d  due t o  t h e  edge segments i n  t h e  

plane of constant  phase, by averaging over a l l  o r i e n t a t i o n s  of t h e  l i n e  segments 

i n  t h i s  plane.  

Writing the  dominant f i e l d  a s ,  
" 

where 
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A gene ra l  term i n  t h i s  double sum will look l i k e ,  

3 
' { C1 cos (6 + 8) pn - C2 s i n  (e  + 6) k A pn 

where 

1 c2 = 1 -  - cosa ' 
and 8 is t h e  ang le  between t h e  two segments. 

Then s ince ,  

Bm -8, = cos8, 

We f i n d  a f t e r  expanding cos (6 + 8) and r i n  (8 + 8 ) ,  t ha t  t h e  product reduces 
t o  

2 2 2 2  2 2  cose rine s i n 8  coo8 (c: - cl> + cos 8 (cl cos e + cP c i n  e> 
+ C1 C2 s i n  2 8 .  

B.19 



A number of averaging processes a r e  a v a i l a b l e .  F i r s t ,  we may average over t h e  
antenna p o l a r i z a t i o n  angle  8 .  This  y i e l d s  t h e  r e s u l t ,  

1 2  2 2 2 - (C1 + C2) cos 6 + c1 C2 s i n  6. 2 

Next we m y  average over t h e  mutual o r i e n t a t i o n s  of t h e  segments by consider ing 

t h e  ang le  6 t o  be a continuous v a r i a b l e  and i n t e g r a t i n g  from 0 t o  2x. This  

g ives ,  

t hus  t h e  gross  behavior of t h e  d i f f r a c t i o n  from t h e  r i m  is  determined by t h e  

l eng th  of t h e  edge segments, 

If we assume tha t  the  lengths  of t h e  edge segments obey a Rayleigh d i s t r i b u t i o n ,  

%then  we may r e p l a c e  the double tkm by the, double i n t e g r a l ,  

' r  I x, .y  0 

Changing t o  polar  coordinates we have, 
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Thus, t h e  c ros s  sec t ion ,  averaged over antenna p o l a r i z a t i o n ,  segment o r i e n t a t i o n  

and segment l eng th  is, 

N2 ( f 2 ) .  
1 
16 
- 

L l =  

As might be expected, it i s  a funct ion of t h e  number of segments N, and t h e  
mean squared l eng th  of each segment, (12). 

B .3.3 Wire Model 
._ 

In  a sphere with an almost c i r c u l a r  jagged hole ,  we assume that  t h e  hole  

c o n s i s t s  of s t r a i g h t  edges which s c a t t e r  l i k e  a c o l l e c t i o n  of wires. 
s e c t i o n  considers  two cases:  
and wires which a r e  s h o r t  wi th  r e spec t  t o  wavelength. 

This  
wires which a r e  long with r e s p e c t  t o  wavelength, 

For t h e  long wire case,  Chu's r e s u l t  (Ref. 4) is  used as t h e  s t a r t i n g  
p o i n t  of t h e  a n a l y s i s .  

where 

21 = 

e =  
# =  

x =  

l eng th  of wire, 
angle  between d i r ec t ion  of incidence and wire, 
angle  between inc iden t  e l e c t r i c  f i e l d  and plane,  formed 
by wire and i n c i h n f  d i r e c t i o n .  

It is  u s u a l  t o  s impl i fy  this farmula by l e t t i n g  h/a = 85 and s i n e  

a r e  j u s t i f i ed  by t h e  r e l a t i v e  i n s e n s i t i v i t y  of u t o  a (see Reference 1, page 47), 
and by t h e  phys ica l  p r o p e r t i e s  of the  hole  we are cons ider ing .  

makes t h e  denominator x , so that, 

1. These 

This  s i m p l i f i c a t i o n  
2 

4 u = 4 i 2  sin'e ( )2 cos pl. n 

We are i n t e r e s t e d  i n  backsca t te r ing  when t h e  d i r e c t i o n  of incidence i s  
perpendicular  t o  t h e  p lane  of t h e  c i r c l e  which most c l o s e l y  f i ts  t h e  hole .  

B-2l 
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f i rs t  s impl i f i ca t ion ,  we can assume t h a t  a l l  t h e  edges of t h e  ho le  l i e  i n  t h e  

p lane  of t h i s  c i r c l e .  

w i l l  add i n  phase, and t h e  t o t a l  c ros s  s e c t i o n  from N c o n t r i b u t o r s ,  each with 

c ros s  s e c t i o n  ai, w i l l  be 

Since incidence i s  normal, i n  t h i s  case, a l l  t h e  s c a t t e r i n g  

i =1 

Each ai w i l l  be of t h e  form, 

0 s i n c e  8 = 90 f o r  a l l  c o n t r i b u t o r s .  

Since t h e  edges may be assumed t o  be arranged i n  a somewhat random manner, 

we w i l l  compute the  sum by averaging, over a l l  poss ib l e  values ,  t h e  con t r ibu t ion  

from each one. 

from L1 t o  L2. Then 

The angle  pi i s  allowed t o  range over 0 t o  2n, and t h e  l eng th  

N 

ill 

where t h e  nota t ion  ( ) implies average va lue .  
2ll 
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and 

Le t t ing  L = 2 ( 1 ), be t h e  average l eng th  o f  edge, we may r e l a t e  L and N 

through a jaggedness f a c t o r  c, which i s  t h e  r a t i o  of t h e  per imeter  of t h e  t o r n  

Figure B-7 

ho le  t o  t h e  circumference of the  a s soc ia t ed  c i r c l e .  

g r e a t e r  than one, and may reasonably be assumed t o  be between 1 .2  and 2. 

T h i s  f a c t o r  i s  always 

N L  Using c = , we can now wri t e ,  

4 N2 L2 4 2 2 2  N 2 ( 0 2  - = - [a R c ]  = 1611 R c . - 
II 

c J =  n n 

2 We can show t h a t  t h i s  is smaller than rta , c ross  sec t ion  of t h e  smooth ho le  

(Sect ion B.2), whenever c < & . 
i n t e r e s t e d ,  a - - a feet ,  R = 1 0  f t .  and 4~ = 1.7. 

For tk p a r t i c u l a r  sphere i n  which we a r e  
a 



In  t h e  case t ha t  t h e  edges of t h e  ho le  do no t  a l l  l i e  i n  a plane,  bu t  a r e  1 
1 
D 

neve r the l e s s ,  arranged so t h a t  t h e r e  i s  a most c lose ly  f i t t i n g  c i r c l e ,  we 

consider  backsca t te r ing  i n  a d i r e c t i o n  normal t o  t h e  plane of t h i s  c i r c l e .  

use a long wire approximation, a s  i n  t h e  previous case,  where ind iv idua l  c o n t r i -  

bu t ions  w i l l  n o t  add i n  phase. 

We 

We use random phase add i t ion ,  whereby, 

and 
4 s i n  x 

a = -  4 1 2  s i n 2  ei ( xi i >' cos gi.  
i I f 1  

In  t h i s  case,  it i s  necessary t o  average over 8 and x .  as well a s  over i 1 

l i  and pli. 
between n/2 and a, where a! is t h e  angle  between t h e  d i r e c t i o n  of incidence and 

We assume t h a t  t h e  Oi w i l l  t a k e  on, with equal  l i ke l ihood ,  values  

t h e  tangent  t o  t h e  sphere perpendicular  t o  t h e  r i m  of t h e  a s soc ia t ed  c i r c u l a r  

ho le .  (See Figure B-8). 

F igure  B-8 
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Then we l e t ,  

x +  ( a- n/2) i ei = 2 , 
N 

and 

for  i = 0, 1, ..., N-1. 

s i n  x 2 
T h e  factor  ( +) appearing i n  the expression for  a i s  shown 

graphically i n  Figure B-9. 
between the  first and second lobe is 15 db, we sha l l  consider negligible 
any contributions which come from other than the f i r s t  lobe, and then, 

Since the  decrease in  the maximum of t h i s  function 

where N is  the number of terms for  which xi < 3.14 radians. 1 

Averaging, a s  before, over pli and li, we obtain, 

L; - L1 3 

) = - *  
2 

If we assume tha t  L2 - L1 < < L1 , 

2 
( ) .( L1 + 2 L2)2 = L a  



1 

1 0-1 

IO-- 

-1 
10 

E 26 



Then, 

and, 
2 

2 2  s i n  x N1 
= L 2  1 s in2  ei (+) - < & L ~ N ~ & L ~ N & L  N 

\ 
2x 

i =1 

= & ( ~ R c ) ~  = 6 r r R  2 2  c . 

As before, the condition tha t  the cross section of the  jagged hole be less  
than tha t  of the smooth hole can be reduced t o  an inequality on c. 
case c must be less  than 2.75, which is assured by the ear l ie r  assumption tha t  
1 . 2  c c c 2. 

In  t h i s  

- -  
For short  wires, where wire length t o  wavelength r a t i o  is  l e s s  than .8, 

we can use the r e su l t  of J. Weber (Reference 5 ) .  
the  cross section of a single wire is, 

When modified for  backscattering, 

cos (Kf cose) 
i n  

(sin Kf cos (Kf cose) - cos 8 cos K f  s in  (Kf cos e) )  

cos Kf s in  (2Kf cos61 + )I2 , 
2 

which for 8 = d 2  becomes, 

n (1 - K f  cot Kf)2 , 



where, 

I 

whenever 21/h < 1. Thus a maximum i s  a t t a i n e d  only around - 2L = .5 and 
h 

elsewher e, 
~ 

1 - is t h e  ha l f  l e n g t h  of t h e  wire,  I 
2 Zin - i s  t h e  input  impedance of t h e  wire,  f o r  which t h e  value 7.10 

was used (Reference 6), 

+ - is t h e  angle  between t h e  inc iden t  f i e l d  and t h e  wire  a x i s .  

For t h e  same range of 8 as descr ibed i n  t h e  long wire case,  I 

- t7 < .2. 
h2 - 
Assuming N small wires, each with t h i s  c r o s s  sec t ion ,  added i n  random 

phase, we g e t  f o r  t h e  c ros s  sec t ion  of t h e  ho le  cons i s t ing  of t h e s e  wires ,  

2 a < N h  - , 
i n  t h e  very worst  case i n  which a l l  t h e  wires  are one h a l f  wavelength. 

Here again,  as i n  t h e  long wire case,  t h e  c ros s  s e c t i o n  can be shown t o  
2 be less than t h a t  of t h e  smooth hole ,  which is  xa , and 

n R c  A = -  
I 

h n R c  A2 = 2xRc E h =  - 2 x R c  

( r ; )  N h 2  = - L 
2A 

A < 6 0 0 x A b  x R c  
<.1 

2 
Since a = 135, &Ox A C *a2 whenever h < & = 30.4 ft. 
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SUMMARY OF APPENDIX 

Appendix B examines t h e  hypothesis  t h a t  f ad ing  observed i n  t h e  r a d a r  

r e t u r n  from t h e  ECHO I1 bal loon  i s  caused by a ho le  punched i n  i t s  sur face .  

Hence, t h e  r a d a r  c ros s  s e c t i o n s  of a s p h e r i c a l  meta l  s h e l l  w i t h  an e x a c t l y  

c i r c u l a r  ho le ,  and a s p h e r i c a l  s h e l l  with a jagged,  roughly c i r c u l a r  ho le ,  

are  examined i n  d e t a i l  t o  determine i f  t hey  could cause a "drop-out" a s  

observed i n  t h e  c ros s  s e c t i o n  records.  

The conclusions of t h i s  s tudy a r e  summarized a s  follows: 
1. For o r i e n t a t i o n s  such t h a t  t h e  a l i n e  from t h e  r a d a r  t o  t h e  

ba l loon  c e n t e r  does not  i n t e r c e p t  t h e  h o l e ,  t h e  normal 
2 sphere  r e t u r n  (0 = fia ) should be recorded. 

For o r i e n t a t i o n s  where t h i s  l i n e  i n t e r c e p t s  t h e  ho le ,  t h e  

c o n t r i b u t i o n  from t h e  back wal l  of t h e  s h e l l  dominates, un le s s  

t h e  l i n e  l i e s  along t h e  c e n t e r l i n e  of t h e  hole.  

t h e  d i f f r a c t e d  f i e l d  from t h e  edge of t h e  ho le  becomes comparable 

t o  t h e  r e t u r n  from t h e  back w a l l .  
Thus, when viewed along t h e  a x i s  of t h e  ho le ,  t h e  bal loon r a d a r  

r e t u r n  may drop,  i f  dimensions a r e  such t h a t  d e s t r u c t i v e  i n t e r -  

f e rence  occurs  between specular  and edge-d i f f rac ted  con t r ibu t ions ,  

T h i s  is  very un l ike ly  because o f  t h e  dimensional p r e c i s i o n  

requi red .  

be of very s h o r t  durat ion.  
If t h e  edges of t h e  hole  a r e  jagged, t h e  l e v e l  of t h e  edge- 

d i f f r a c t e d  r e t u r n  is  s t i l l  lower ,  making fad ing  even less l i k e l y ,  

I n  conclusion,  i f  t h e  ba l loon  maintains  i t s  nominal s p h e r i c a l  shape 

b u t  has a ho le  punched i n  it, it i s  q u i t e  u n l i k e l y  t h a t  such a hole  

w i l l  g ive  rise t o  r e g u l a r  fading of t h e  r a d a r  r e tu rn .  

2.  

I n  t h a t  ca se  

3. 

- 
Furthermore, even if it occurred,  t h e  s i g n a l  drop would 

4. 

5. 
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In t h i s  appendix, we g ive  t h e  app l i cab le  s c a t t e r e d  f i e l d s  from t h e  
CliFfrnction o f  a s t r a i g h t  edge as derived by Sommerfeld". 

:i drawing of t h e  h a l f  plane and t h e  coordinates .  
r e spec t  t o  t h e  su r face  and a r e  t h e  f i e l d  angle  and angle  of incidence r f ~ s p e c t i v r ~ l y .  

The region of i n t e r e s t  t o  u s  i s  divided i n t o  two r eg ions ;  reg ion  I where t h e r e  

e x i s t s  both an inc iden t  and r e f l e c t e d  wave along with t h e  d i f f r a c t e d  wave and 

region I1 where t h e r e  e x i s t s  j u s t  t h e  inc iden t  and d i f f r a c t e d  wave. Tile l i n t  

C .  r ep resen t s  t h e  d iv id ing  l i n e  between t h e s e  r eg ions .  Spec ia l  cons idera t ion  

m u s t  be given t o  t h e  f i e l d  along t h i s  l i n e .  

Figure C-1 givcs  
fl and a a r e  measured w i t h  

1 

\ 

I1 

\ 
\ 
\ 
\ 
\ 

I 

Figure C - 1  

The sommerfeld s o l u t i o n  i s  bas i ca l ly  a s c a l a r  so lu t ion ,  but  can be 
i n t e r p r e t e d  as a vec tor  so lu t ion  when t h e  e l e c t r i c  or  magnetic f i e l d  i s  p a r a l l e l  

t o  t h e  edge. The t o t a l  f i e l d  is  given by, 

u = U ( r ,  fl - a) + u (r, 9 + a), 

~~ ~ 

J( Sommerfeld, A .  ,"Optics, Lectures on Theore t i ca l  Physics", Vol .  I V .  

c- 1 



where t h e  upper s ign  refers t o  t h e  case where t h e  e l e c t r i c  f i e l d  i s  p a r a l l e l  

t o  t h e  edge and t h e  lower s ign  corresponds t o  t h e  magnetic f i e l d  being p a r a l l e l  

t o  t h e  edge. With Sommerfeld we def ine,  

Jra = B - a, 

'b - - 2- r[ cos Jib/2. 

T h u s ,  we are  i n t e r e s t e d  i n  t h e  va lue  of t h e  func t ion  U ( r , J r )  i n  t h e  var ious  

reg ions .  
are  a v a i l a b l e  and it i s  t h e s e  t h a t  we s h a l l  use.  

immediately t o  t h e  case  of i n t e r e s t ,  namely, backsca t t e r ing .  

This  funct ion is a contour i n t e g r a l .  Asymptotic s o l u t i o n s  f o r  it 
In  add i t ion ,  we w i l l  s p e c i a l i z e  

Now, @ = a so, 

= 0, Jra 

= 22, 'b 

E pa = 2 4  x '  

- 2 E cos a. Pb - n 

(c-3) 

The l i n e  Gr now corresponds t o  a = n/2. 

with t h e  fa r  f i e l d  where kr >>1. 
I n  add i t ion ,  we a re  concerned only 

I n  region I, a C$ and pa and pb are both p o s i t i v e .  Thus, we want 

s o l u t i o n  b of Sommerfeld, namely, 

i(kr + 3-44) 
+ .... 

u o -  
e-41 
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Thus t h e  t o t a l  f i e l d  i s ,  -ikr cosq. where Uo = e 

i ( k r  + x/4)  1 

2 42n kr 
-ikr - - ikrcos 2 a e U = e  + e  - i 1 - j  - I .  ( c -5 )  cosa 

n Near t h e  l i n e  a = F, t h e  quan t i ty  pa is  s t i l l  >> 1, bu t  t h e  q u a n t i t y  pb 

approaches zero .  For t h e  firstkrm s ince  p i s  l a r g e  and p o s i t i v e ,  we have, 

i ( k r  + ~/4) e - - ik r  
U ( r , O )  = e ? 

24 2Jr kr 

and f o r  t h e  second term we de f ine  a = n/2 - 6 where 6 i s  very small. 
COSZX - - 1 and cosa s in6 ,  s o  

Thus, 
‘y 

and t h e  t o t a l  f i e l d  is, 

+ ik r  e i ( k r  + n/4) 
U = e  -ikr - 4- e - - + e  -ikr ( 1 - i ) F s i n b .  (c-8) 

2 G X -  2 

In  reg ion  11, t h e  parameters are,  

’b = 2 E C O B a < O  J 

-ikr i(kr + n/4) 

- m-’ U ( r , O )  = e 

c-3 



and t h e  t o t a l  f ie ld  is  given by, 

I '  
i ( k r  + x/4) e L1 2 cosa - - ikr U = e  
245x7  
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